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Abstract 
This project is aimed at fabricating a smart material. Zinc oxide and vanadium dioxide have 
received a great deal of attention in recent years because they are used in various applications. 
ZnO semiconductor in particular has a potential application in optoelectronic devices such as 
light emitting diodes (LED), sensors and in photovoltaic cell industry as a transparent electrode. 
VO2 also has found application in smart windows, solar technology and infrared smart devices. 
Hence the need to synthesis or fabricate a new smart material using VO2 and an active ZnO 
based nano-composites family in which ZnO matrix will be hosting thermally active VO2 nano-
crystals is the basis of this study. Since VO2 behave as an MIT Mott’s type oxides and exhibits a 
thermally driven semiconductor-metal phase transition at about 68 
o
C and as a direct result 
ZnO:VO2 nano-composites would exhibit a reversible  and modulated optical transmission in the 
infra-red (IR) while maintaining a constant optical transmission in the UV-Vis range. The 
synthesis is possible by pulsed laser deposition and ion implantation. Synthesis by pulsed laser 
deposition will involve thin films multilayer fabrication. ZnO buffer layer thin film will be 
deposited on the glass and ZnO single crystals and subsequent layer of VO2 and ZnO will be 
deposited on the substrate.  X-ray diffraction (XRD) reveals that the series of ZnO thin films 
deposited by Pulsed Laser Deposition (PLD) on glass substrates has the hexagonal wurtzite 
structure with a c-axis preferential orientation. In addition the XRD results registered for VO2 
samples indicate that all thin films exhibits a monoclinic VO2 (M) phase. UV-Vis NIR 
measurements of multilayered structures showed the optical tunability at the near-IR region and 
an enhanced transparency (>30 %) at the visible range. 
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Chapter 1 
1.1 Background 
Transparent Conductive Oxides (TCOs) are a class of materials characterized by high electrical 
conductivity and optical transparency [1]. These types of materials are interesting, considering 
the fact that the material has combination of two important properties, being electrically 
conducting and optically transparent at the same time. TCOs are therefore used in electrochromic 
devices and in the photovoltaic cells [2]. Examples of TCOs are fluorine doped tin oxide 
(SnO2:F), aluminum doped zinc oxide (ZnO:Al), tin-doped indium oxide (In2O3:Sn).The 
common names used are the following; for fluorine doped tin oxide  FTO; aluminum doped zinc 
oxide AZO and ITO for tin doped indium oxide.  
These materials have found a great deal of applications and the one that is widely used is ITO for 
making transparent coatings for flat panel displays, liquid crystal displays (LCD) and touch 
panels [3]. ITO is widely used, it is expensive and its supply is dwindling, therefore a serious 
need exists to fabricate an inexpensive and unique TCO with superior properties than that of 
ITO.  In terms of performance, ITO is still leading and there is therefore a need to have an 
alternative material with similar specifications. Table 1.1 shows a summary of electrical and 
optical properties of ITO. ITO is not impacted upon by the humidity and it has life-span way 
above 10 years when incorporated in Copper, Indium, Gallium and diselenide (CIGS) cell [3]. So 
the race continues for the development of a new novel optical and electrical material with better 
performance and higher energy efficiency that will challenge ITO. Nanomarkets report identifies 
Zinc oxide as cost-effective material and other non-ITO transparent oxides as emerging 
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competitors to ITO and on their way to ride the photovoltaics (PV) wave and reach the $268 
million in sales in 2017 [4].  
As Konagai [5] illustrates, PV power generation is on its way to lower the electricity costs and 
contribute towards the reduction of green-house gas emissions [5], hence the importance of 
incorporating zinc oxide in photovoltaic cells.  
The idea of our study is to fabricate ZnO:VO2 by using high purity commercial ZnO single 
crystals and implant or deposit them with VO2. The methods of synthesis mentioned of this work 
will be a gateway to reach our goals, and furthermore study the material’s optical and electrical 
properties. The work that influences this study is by Lopez et al. [6] who affirm the possibility of 
developing VO2 nanoparticles in the host material such as amorphous SiO2 by ion implantation 
and annealing process. However in this study, the host will be high purity ZnO single crystal and 
pulsed laser deposition (PLD) deposited ZnO instead of SiO2. VO2 is essential because of its 
important character of changing from being metallic to semiconductor when external stimuli 
such as temperature is applied and this is the reason why we are interested in incorporating it into 
ZnO and explore the capability of this material.  
Table 1.1: Physical properties of Indium doped tin oxide In2O3:SnO2 
                              Property             Value 
Mass Density  
Melting point (at 293 K) 
Energy gap (Eg) 
Carrier density at 300 K (Thin film, thickness: 150 nm) 
Hall mobility at 300 K (Thin film, thickness: 150 nm) 
Resistivity (Thin film, thickness: 150 nm) 
Average  transmission in visible range T% (Thin film, 
thickness: 150 nm) 
Refractive index (at 540 nm) 
            6.8 g/cm
3
                      [7] 
            1526-1926 
o
C               [8]  
            3.5-4.3 eV                    [9] 
            1.4×10
21
 cm
-3
               [9]          
            27 cm
2
/Vs                    [9] 
            4×10
-4
 Ωcm                  [9] 
            85 %                             [9] 
 
            2                                   [10] 
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1.2 Aim of this work 
The aim is to generate an active ZnO based nanocomposites films, in which a ZnO matrix will be 
hosting thermally active VO2 nanocrystals. Since VO2 is an MIT Mott’s type oxide, it exhibits a 
thermally driven semiconductor-metal phase transition at about 68°C, as a direct consequence, 
VO2-ZnO nano-composites would exhibit a reversible and modulated optical transmission in the 
IR range while maintaining a constant optical transmission in the UV-VIS range. This work is 
targeting the synthesis of such a novel family of nanocomposites by Pulsed Laser deposition 
(PLD). 
 Other important aspects of this work, is to induce defects on ZnO single crystal by irradiating it 
with hydrogen ions (H
+
), Carbon ions (C
+
) and investigate their effects on the material. The 
objective is to study the surface morphology, optical and electrical properties of this new 
material.  
1.3 Structure of this work 
Chapter 1 focuses on the general introduction of the research subject, the structure and aim of 
this work, as already stated above. Chapter 2 is centered around the ZnO properties and a survey 
of the work done related to ZnO. Chapter 3 presents the physical properties of VO2 whilst 
Chapter 4 will present a general overview of the synthesis methods and the characterization 
techniques. Chapter 5 will focus on the characterization of ZnO thin films grown on borosilicate 
glass substrates. The chapter also deals with the characterization of the ZnO single crystals 
irradiated with protons and implanted with carbon ions. Chapter 6 presents the characterization 
of VO2 thin films deposited on glass by Pulsed Laser Deposition whilst Chapter 7 present the 
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characterization of the ZnO/VO2/ZnO thin films deposited on glass and ZnO single crystal 
substrates. Finally chapter 8 is summary, conclusion and future research direction.   
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Chapter 2 
Zinc Oxide (ZnO) 
2.1 Crystal structure 
ZnO has a hexagonal wurtzite structure and the hexagonal lattice belong to space group P63mc. 
In addition, ZnO also has the ability to crystallize into two extra structures, rocksalt and the cubic 
zinc blende structure. The wurtzite structure has a hexagonal unit cell as seen in fig 2.1. The unit 
cell has two lattice parameters, a and c in the ratio c/a = (8/3)
1/2
 as well as the u parameter which 
characterizes the amount by which each atom moved with respect to each other. ZnO ionicity 
rests at the borderline between the ionic and covalent compound and its ionicity is fi = 0.616 on 
Phillips ionicity scale [1]. The wurtzite structure differs from the zinc blende structure by the 
bond angle of the second-nearest neighbors and the stacking sequence of the closed-packed 
diatomic planes. Moreover, the wurtzite structure is distinguished by a triangular ordered 
interchanging biatomic closed-packed (0001) planes. The order of the interchanging biatomic 
closed-packed planes gave rise to the stacking sequence AaBbAaBb… of the (0001) plane in the 
(0001) plane direction [2]. 
The hexagonal lattice is distinguished by two interlinking sublattices of Zn
2+
 and O
2-
 in which Zn 
ion is fenced by a tetrahedral of O ions and the other way round. The tetrahedral co-ordination 
brings about the polar symmetry along the hexagonal axis and thus the various properties of ZnO 
such as piezoelectricity caused by polarity [3]. One important property of ZnO, which needs to 
be acknowledged, is its melting point of (1975 
o
C). Due to this property, ZnO films or crystals 
can be annealed at 600 
o
C without decomposing [4-6]. Table 2.1 indicates ZnO properties such 
as lattice parameters, mechanical, optical, electrical and the structural properties. Figure 2.1 
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shows the three dimensional hexagonal wurtzite structure of ZnO, where the oxygen atoms are 
represented by the red spheres and the Zn atoms are represented by the grey sphere and structure 
is show the typical c-axis preferred orientation of the hexagonal wurtzite structure of ZnO. 
 
 
Figure 2.1: Hexagonal wurtzite structure of ZnO. (a) depicts the stick and ball model of the 
hexagonal wurtzite structure, grey ball represent Zn atom and the red ball symbolize the oxygen 
atom, (b) show the hexagonal wurtzite structure with polyhedral edges and the unit cell. Ref [7] 
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Figure 2.1: (c) ZnO structure indicating the lattice constants of the hexagonal ZnO wurtzite 
structure [8] 
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Table 2.1: Physical properties of wurtzite ZnO. Adapted from Ref. [5,6]. 
    Property               Value 
 
Lattice parameters at 300 K: 
ao  
co  
ao/co 
u              
Density 
Stable phase at 300 K 
Space group 
Wyckoff position 2b: (Zn and O) 
Melting point 
Thermal conductivity 
Linear expansion coefficient (/
o
C) 
Static dielectric constant 
Refractive indices 
Energy gap 
Intrinsic carrier concentration  
Exciton binding energy  
Electron effective mass 
Electron Hall mobility at 300 K for low n-type 
conductivity 
Hole effective mass 
Electron Hall mobility at 300 K for low p-type 
conductivity 
 
 
0.32495 nm 
0.52069 nm 
1.602 (1.633 for ideal hexagonal structure) 
0.345 
5.606 g/cm
3  
Wurtzite 
P63mc 
(1/3, 2/3, Z); (2/3, 1/3, 1/2 +Z) 
1975 
o
C  
0.6, 1-1.2  
a0: 6.5x10
-6
, c0: 3.0x10
-6
  
8.656 
2.008, 2.029  
3.4 eV (direct)  
< 10
6
 /cm
3
  
60 meV  
0.24  
200 cm
2
/V.s 
0.59 
 
5-50 cm
2
/V.s 
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2.2 Electrical properties 
ZnO is classified as a transparent conductive oxide semiconductor [9]. At room temperature ZnO 
display an n-type conductivity character which is mainly attributed to the native defects and 
impurities [10]. ZnO is distinguished by electrical carrier concentrations of the impurities 
ranging from 10
15
 - 10
19
 cm
-3
 and a large mobility greater than 1 cm
2
V
-1
s
-1
. Furthermore the 
native defects and the impurities contribute to the larger mobility and electrical carrier 
concentration of an electron or hole of an order of magnitude (> ~ 10
19
 cm
-3
) [11]. 
The undoped ZnO grown using the Czochralski method is inherently n-type conductive material 
due to intrinsic hydrogen which is an unavoidable impurity during the growth of ZnO crystal, the 
impurity that acts as a donor to ZnO. The intrinsic hydrogen in ZnO acts in a rather unique way 
in that it affects the electronic properties of ZnO. The interstitial hydrogen in ZnO occurs in the 
positive charge state and acts as a donor, hence the n-type conductivity character seen on the 
undoped ZnO. In other semiconductors, the interstitial hydrogen acts as an amphoteric impurity 
i.e. in p-type material. Furthermore hydrogen normally acts as H
+
 and H
-
 in n-type material. This 
amphoteric behavior of hydrogen forbids hydrogen from acting as a dopant,that is from being a 
reservoir of conductivity as indicated in the literature [12].  
Controlling n-type conductivity in ZnO is straightforward and this is done by using the group III 
metals such as Al, Ga and In. Doping with these metals on ZnO maintain the transparent and the 
conductive nature of the material. Gallium and Aluminum are popularly used for doping ZnO to 
fabricate optoelectric devices incorporated in solar cells [13]. Aluminum is extensively used as a 
donor in ZnO and is less expensive compared to Indium. Example in the study demonstrating the 
use of Aluminum indicate that the presence of Al in the ZnO films alter the carrier concentration 
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and intrinsic defects in ZnO films [14]. In addition, the study by Jungwoo et al.[13] pointed out 
that by co-sputtering aluminum-doped zinc oxide (AZO) and Gallium-doped zinc oxide (GZO) 
targets, to make Al, Ga-doped zinc oxide (AGZO) thin films, this can reduce the resistivity of 
AZO thin films using these conditions (6.4 × 10
-3
 Ω-cm for 0 W), to AGZO thin films with the 
following resistivity (2.14 × 10
-3
 Ω-cm for 200 W). Min-Suk Oh et al. [15] used Plasma-
Enhanced Pulsed Laser Deposition (PE-PLD) to grow Gallium-doped ZnO films on sapphire 
substrate and the results showed the highest electron mobility of 42.2 cm
2
 V s and the lowest 
resistivity of 3.5 × 10
-4
 Ω cm. 
In addition to the investigations  related to ZnO electrical and optical properties, Wang et al.[16] 
confirm that hydrogen alter the electrical and optical properties of ZnO light-emitting diodes 
performance, especially if the diodes are not annealed at 350 
o
C after synthesis. Incorporation of 
hydrogen in p-type ZnO alter it to n-type by neutralizing the hole concentration of the p-type 
ZnO. Pulsed Laser Deposition (PLD) and Electron Beam Deposition was used to synthesis the 
multilayer ZnO structure and Hall measurement were performed  to study the electrical 
properties of the diodes. 
Moreover, Thomas et al. [17] illustrated that Li-doped ZnO single crystals have n-type 
conductivity and the conductivity can be enhanced by implanting P and V, however implantation 
of the other elements such as N, O and H at diverse doses and energies, yielded no positive 
results for synthesis of p-type ZnO. The authors argued that the enhancement of n-type 
conductivity is not due to radiation damage or ZnO disintegration rather it is due to doping by P 
and V. Furthermore, Kohiki et al. [18] demonstrates that gallium compared to other dopants such 
as aluminum and boron is efficient in increasing the conductivity of ZnO thin films. The authors 
concluded that a general tendency of doping effect is informed by electronegativities of the 
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elements. Ion implantation method was used to implant gallium, aluminum and boron and the 
conductivity measurements were measured with the conventional van der Pauw method and Hall 
measurement.  
As Zhang et al. [19] reports on the electrical and photoluminescence properties of implanted 
ZnO thin films. ZnO thin films were deposited on a glass substrate and implanted with nitrogen 
ions. The energy was 140 keV and the fluence was 2x10
16
 ions/cm
2
. The films were annealed in 
vacuum for 1 hour at various temperature settings and PL results show the blue luminescence of 
ZnO thin films implanted with nitrogen ions at energy 140 keV. The authors pointed out that the 
intensity of luminescence increased with annealing temperature. Electrical measurements show 
that ZnO films annealed at 600 
o
C exhibit n-type character.  
2.3 Optical properties 
2.3.1 Free and Bound excitons 
Optical transitions in semiconductors such as ZnO are grouped into two classes namely; intrinsic 
and extrinsic transitions. The intrinsic transitions are connected to the semiconductor voids 
defects and impurities while the extrinsic transitions derive they origin from the impurities and 
defects [20]. These defects generate electronic states of the band gap and hence determine the 
optical absorption and emission processes in the semiconductors.  
Excitons are projected as a pair composed of electrons and the associated holes attracted to each 
other by coulomb forces [21]. The excitons associated with the optical properties of the 
semiconductors are divided into free and bound excitons. In samples of superior grade with less 
impurity concentrations, the excited states of free excitons are detected together with their 
ground-state transitions. On the other hand the bound excitons electronic states depends on the 
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band structure of the semiconductor [2]. The two most important bound excitons classes are 
shallow neutral donor-bound exciton (DBE) and shallow neutral acceptor bound exciton (ABE), 
these classes are by origin from the extrinsic processes.  
Shallow neutral donor-bound exciton involve two electrons pairing and exhibiting a zero spin in 
the bound exciton state and this then lead to a hole which is weakly bound in the net hole-
attractive coulomb potential. The knowledge of this processes leads to the optimization and 
better engineering of band gap of the semiconductors material such as ZnO or ZnO alloys. 
 
2.3.2 Vibration properties 
The optical properties of semiconductors are divided into electronic and lattice properties. The 
electronic properties considered here involve processes dealing with the electronic states of the 
semiconductors. And the lattice properties entail the vibrations of the lattice. The lattice 
properties have received attention in electronic transport, heat dissipation and broadenings of 
electronic states, however the electronic properties are given more attention in semiconductors 
than lattice properties. The introduction of semiconductor optoelectronic technologies paved a 
way for the exploration of electronic and optical properties as a whole, hence the need to pay 
attention to the vibration properties of the semiconductors [22]. The vibrational properties of 
ZnO single crystal in this study is examined by Raman spectroscopy technique. 
 
Wurtzite structure of ZnO is distinguished by four atoms per unit cell, which is similar to the 
wurtizic nitrides. The unit cell with s = 4 atoms in the basis 3s gives a total 12 number of phonon 
modes. The modes are one longitudinal acoustic (LA), two transverse acoustic (TA), three 
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longitudinal optical (LO) and six transverse optical (TO). Some of the optical phonons are shown 
on figure 2.2.  
Wurtzite ZnO crystal structure  belongs to the hexagonal  arrangement with a space group C6υ
4
 or 
P63mc and can have 8 sets of optical phonon modes at the Γ point of the Brillouin zone 
consisting of   A1 + E1 + 2E2  modes which is Raman active, 2B1 (silent) and A1 + E1 modes are 
(IR active) as predicted by the group theory [23]. The lattice vibration expressed by the A1 and 
E1 symmetry is distinguished by atoms moving parallel and perpendicular to the c-axis. Two 
vibration modes related to the symmetry are E2-low and E2-high. E2-low is connected to the 
vibration of the heavy Zn sublattice whilst E2-high is associated with the vibration of the oxygen 
atoms in the wurtzite ZnO crystal structure. The A1 (LO) and E2 modes are usually observed 
during the Raman measurements when the incident light is normal to the surface of the highly 
oriented ZnO single crystal or ZnO thin films whilst the other modes are prohibited in 
conformity to the Raman selection rules.  
Raman spectroscopy technique is used to examine the lattice or vibrational properties of 
semiconductors. When the measurements are performed along the direction perpendicular to the 
(0001) plane of the hexagonal structure, the nomenclature employed to account for the 
configuration is shown in the form          ̅. This configuration is based on Porto’s notation 
A(B,C)D, where A and D stands for the wave vector direction of the incoming and scattered light 
respectively, while B and C stands for the polarization of the incoming and scattered light [24]. 
Therefore        ̅ is described in this way, where Z represents the direction of the incident 
light,  ̅ corresponds to the direction of the scattered light, X to the polarization direction of the 
incident light and Y to the polarization of scattered light. 
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In this configurations, the          ̅, E2-low or E2
L
, E2-high and A1 (LO) modes are 
observable. And in the following geometries         ̅ and        ̅ all the three modes, (E2-
low or E2
L
, E2-high and A1 (LO) modes) can be observed whereas in this geometries        ̅ 
and        ̅ only E2 modes are observed [25]. The details concerning the relationship between 
the modes and the configuration are shown in table 2.2. The backscattered geometry with respect 
to the hexagonal crystalline orientation is shown in figure 2.3, the first diagram on the left shows 
the incident light parallel to the c-axis of the sample and all possible modes associated with the 
configurations        ̅ and        ̅. The second diagram on the right show the incident light 
perpendicular to the c-axis of the sample and the possible modes emerging from the 
configuration        ̅ and        ̅. 
 
 
 
 
 
 
 
 
 
 
                                                          
Figure 2.2: Optical phonon diagrams for the wurtzite ZnO structure. 
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Table 2.2: Phonon modes and the Raman configuration nomenclature used to describe the 
measurements configuration [2]. 
Mode                                                                                                                   Configuration 
A1(TO), E2                                                                                                                                 ̅ 
A1(TO)                                                                                                                                       ̅ 
E1(TO)                                                                                                                                       ̅ 
E1(TO), E1(LO)                                                                                                                          
E2                                                                                                                                                
E2                                                                                                                                                                  ̅ 
A1(LO), E2                                                                                                                                ̅ 
 
 
 
 
Figure 2.3: Schematic diagrams indicating the incident light and the scattered light direction in 
the backscattering geometry of Raman configuration on ZnO thin film [2]. 
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2.4 Single crystal growth techniques 
There are various types of growth methods for bulk crystal semiconductors, which include the 
Czochralski method, the Bridgman method and Chemical Vapour Deposition (CVD). The 
Czochralski method is described by melting the material of interest in the crucible whereby a 
seed crystal is directed to the top part of the melt, which is in-fact the cooler area of the melt and 
rotated gradually while pulling it from the melt.  Figure 2.4 shows a Czochralski furnace for 
growing the single crystals and it shows the following: a crucible, susceptor (graphite), heater 
and a rotating seed holder. 
The Bridgman method is described by heating the material of interest above its melting point in a 
crucible whilst a seed is kept inside and a temperature gradient is generated so as to keep the 
temperature in the vicinity of the seed beneath the melting point. The crucible is placed 
horizontal to control the temperature change flow. The crucible is pulled slowly from the heated 
domain into a cooler area and hence the seed causes the development of a single crystal. These 
techniques are both used for growing bulk single crystal as compared to chemical vapour 
deposition, which is a method for growing thin layer or films it is and  normally not suitable for 
bulk crystals. Chemical Vapour Deposition involves gases of chemical elements of interest made 
to react in a controlled environment inside a reactor and deposited on the substrate [26].  
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Figure 2.4: The basic components of the Czochralski method. Adapted from Ref. [27] 
 
2.5 Applications and research activities 
Zinc Oxide has been researched extensively due to its direct wide band gap (Eg = 3.437 eV) and 
is also a transparent conductive oxide semiconductor. This wide band gap characteristic of ZnO 
has advantages in technological applications where a high-temperature and high-power operation 
materials such as ZnO varistors are used [28]. ZnO semiconductor has a direct wide band gap 
and large exciton binding energy (60 meV) at room temperature. These properties make it a 
suitable material for stable polariton operation at room temperature (RT) [29], hence an 
advantage over GaN, though GaN has exciton binding energy of approximately 25 meV and can 
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reach 40 meV in the multiple quantum wells (MQWs) system such as GaN/AlGaN [30,31]. 
Furthermore, GaN and MQWs systems is associated with the reduction in oscillator strength 
ascribable by the poor wave function and induced by quantum-confined stark effect [30].  
ZnO has many applications, for an example in the Bronze Age, ZnO was used for healing 
wounds and progressively used in the production of brass (Cu-Zn alloy), whilst in the modern 
world, it is used in white paints, rubber production,  the food industry (fortification of the maize 
meal), cosmetic industry, other applications include piezoelectric devices, transparent oxide thin 
film transistors, spintronics, phosphors (ZnGa2O4:Mn), varistors and it is also used in production 
of the blue UV light emitters[32]. 
Recent studies involve doping the ZnO single crystals with nitrogen (N) plus group III elements, 
or group V elements or doping it with transition metals. Other activities include theoretical 
modeling of the dopants in ZnO and fabrication of multi-layered ZnO material and the study on 
the defects created by the dopants in ZnO single crystals [33-35].  These efforts are for achieving 
a p-type ZnO, material development of new materials for optoelectric devices, photovoltaic cells 
and for energy saving devices; however, this is a challenging task [36]. 
Several researchers addressed this challenging tasks in different ways, for example Park et al. 
[37] investigated doped ZnO material and confirms that there are obstacles that make doping 
hard for achieving p-type ZnO. These are low solubility deep impurity level and structural 
bistability identified as Acceptor-induced defects (AX) and Deep level defects (DX) centers. 
However, in the effort of achieving a p-type ZnO semiconductor, Joseph et al. [38] observed a 
room temperature resistivity and the hole concentration of the magnitudes 2 Ω-cm and 4x1019 
cm
-3
 respectively. The authors affirned that the ZnO thin films co-doped with N and Ga has led 
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to the possibility of this p-type ZnO material.  Matsumoto et al. [39] focused on the annealing 
effects of carbon doses implanted on single crystal ZnO and in terms of the resistivity of the un-
implanted and the implanted ZnO single crystals. One interesting technique used in this 
investigation is the Photoluminescence technique (PL) in which the authors argues that the PL 
measurements results suggest that the annealed implanted species shows an increase in oxygen 
vacancy as compared to the un-annealed specimen. And this indicates that carbon ions were 
replaced for zinc-sites contrary to oxygen-sites in the crystal structure. The authors commented 
that carbon implanted zinc oxide single crystals showed the possibility of being transparent 
conductive oxides due to its low resistivity.  Ion implantation was the method used in this study 
for implanting of carbon ions in the ZnO single crystal. Channeling Rutherford Backscattering 
Spectrometry (RBS/C) was used to investigate the crystallinity of the un-implanted and 
implanted ZnO single crystals with carbon.   
Interest is also on the magnetic properties of the doped ZnO, Wang et al. [40] observed 
ferromagnetic behavior of Fe
+
 implanted ZnO single crystals and confirmed the contribution of 
the transition metal (TM) such as Fe doped in semiconductor leading to ferromagnetic behavior. 
The authors also reported the effects of Fe ions implanted on the ZnO crystal structure by using 
Raman spectroscopy and observed the crystalline properties of the samples before and after 
implantation.  
The ZnO has attracted attention in space applications because of its radiation resistance, thus 
Auret et al.[41] reported that single crystal ZnO is resistive to proton bombardment or irradiation 
at room temperature as compared to other semiconductor such as GaN. The authors highlighted 
the importance of this material in that it can withstand the harsh irradiation conditions needed for 
space applications. The Deep Level Transient Spectroscopy (DLTS) technique was used to 
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investigate defects introduced by proton irradiation, and the results confirm the defects formation 
in the material after proton irradiation. 
As Wang et al. [42] reported that ZnO films implanted with N
+
 ions and exposed to rapid thermal 
annealing (RTA) show a rough surface. The authors also noted that the grains sizes of the 
samples measured prior to N
+
 implantation show smaller grain sizes (30-60 nm) when measured 
with XRD and after implantation the grain size increased to 100-130 nm as shown by an AFM. 
The authors also suggested that the conductivity of ZnO films improved from n-type to a weak p-
type. 
Transition metals have recently being incorporated in ZnO semiconductor by doping or 
implantation and Vyatkin et al.[43] confirms that Transition Metal (TM) ions can be introduced 
into ZnO thin films by ion implantation at high doses. The authors noted that after an annealing 
process the optical properties of ZnO is regenerated indicating that ion implantation causes 
damage in the material. The thin films were prepared by metal organic vapor epitaxy (MOVPE) 
and Photoluminescence (PL) measurements were performed to investigate the optical properties 
of the samples. High resolution X-ray diffraction (HR-XRD) was used to investigate the 
crystallinity of the sample and the results indicate that there were no additional phases induced 
by the ion implantation process.  
The thin film growth parameters such as substrate temperature and oxygen pressure are very 
important, hence Hyung Jo et al. [44] highlights the effects of oxygen pressure during the grown 
of ZnO films on sapphire substrates by Pulsed laser ablation. The authors observed that the 
lattice constant on c-axis are highly responsive to the oxygen pressure, similarly the crystallinity 
of ZnO films are responsive to the oxygen pressure. XRD technique was used to investigate the 
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films structural properties and XPS was used to study the chemical states of the films. The author 
concluded that the crystallinity degrades as the oxygen pressure increases. 
Nanotechnology field paved a way for thorough investigations on nanoparticles materials in-
particular ZnO nanoparticles. As Amekura et al. [45] illustrates possibility of Zinc-oxide 
nanoparticles formation. ZnO nanoparticles were achieved by implantation of Zn ions in an 
oxygen environment and subsequent thermal oxidation. Zn
+
 ions were implanted at energies of 
60 keV and fluence of about 1.0x10
17
ions/cm
2
. The authors noted that after annealing, the 
implanted samples at 700 
o
C for 1 hour, ZnO nanoparticles with 10 nm diameter were formed. 
Silica glasses (SiO2) were used as substrate and implanted with Zn ions. X-ray photoelectron 
(XPS), X-ray excited Auger electron spectroscopy (XAES), Rutherford backscattering 
spectroscopy (RBS) and Transmission electron microscopy (XTEM) were used to characterize 
the material. The authors concluded that ion implantation and thermal oxidation at 700 
o
C 
enhance the formation of ZnO nanoparticles in SiO2 .   
 In ths study, Look et al.[46] pointed out that ZnO has the ability to withstand radiation damage 
as compared to other semiconductors hence is the suitable candidate for space applications. 
Methods such as PLD, MBE, MOCVD and HVPE for growing ZnO on various substrates were 
reported and furthermore the applications such as transducers, phosphors and transparent 
conducting films are mentioned in the study. The paper also presents the challenges of ZnO-
based devices and problem mentioned is the fabrication of Schottky barriers and the 
reproducibility of the p-type ZnO.   
The study is based on the effects of implantation on nanoparticles particularly the ZnO 
nanobelts, and Ronning et al. [47] illustrates that ZnO nanobelts were successfully synthesized 
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by thermal evaporation. Zinc oxides nanobelts were implanted with M
+
 ions at 30 keV, 
Photoluminescence (PL) and transmission electron microscopy were used to study the material. 
These investigations show that ion implantation creates defects on the ZnO nanobelts, and upon 
annealing at 800 
o
C the defects are removed whilst the remaining vacancies and interstitials are 
entrapped by the edge dislocation. However this results in an increase of the extended defects, so 
a higher annealing temperature above 800 
o
C is recommended to remove these extended defects. 
Similarly Pulsed Laser Deposition is used in this study indicating the importance of method for 
synthesis of thin films, as Heo et al. [4] noted that ZnO thin films deposited on c-plane sapphire 
substrates by PLD, implanted with Mn
+
 ions at high fluence and annealed at 600 
o
C, give rise to 
ferromagnetism. The ferromagnetism behavior was observed by a commercial rf-
superconducting quantum interference device. ZnO thin films grown on sapphire were implanted 
with 250 keV Mn
+
 ions and the fluence was 3x10
16
 ions/cm
2
. 
This study illustrates the benefit of the oxygen pressure during PLD deposition. Singh et al. [48] 
demonstrated that good-quality AZO thin films were prepared by Pulsed Laser Ablation (PLD). 
Oxygen pressure for the deposition was in the range 0.5 and 1 mTorr. The authors noted that 
average transmittance on the sample prepared in 1 mTorr oxygen pressure was approximately 91 
% in the visible range and the resistivity measurements revealed that at room temperature the 
AZO films are delicate to oxygen pressure, hence the high resistivity AZO films. The authors 
also observed the average transmittance decreases as the thickness of the thin films increases 
[48]. 
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Chapter 3 
Vanadium dioxide (VO2)  
3.1 Crystal Structure 
At high temperatures (>68 
o
C), the VO2 takes on a stable metallic tetragonal configuration. The 
structure is described by space group P42/mnm and the lattice constants are revealed by the X-
ray diffraction to be, a = 4.5546 Å, c = 2.8514 Å and u = 0.300 [1]. In the structure the position 
of vanadium atoms takes the position (0,0,0) and (1/2,1/2,1/2) according to the Wyckoff 
positioning (2a) and the oxygen atoms are positioned at ±(u,u,0) and ±(1/2+u,1/2-u,1/2) [2]. 
At room temperatures (<68 
o
C), the crystal structure of VO2 is monoclinic. The structure belongs 
to the space group P21/C. The lattice constants at 25 
o
C are found to be a = 5.7517 Å, b = 4.5378 
Å, c = 5.3825 Å, β = 122.646 [3]. The lattice constants are in fact attained by the distortion of the 
tetragonal structure as the vanadium atoms pair and tilt with reference to the rutile c-axis. As a 
result the monoclinic unit cell is twice the size of the tetragonal unit cell. The vanadium atoms 
and oxygen atoms occupy the position ±(x, y, z), ±(x, 1/2-y, 1/2+z) in accordance to the Wyckoff 
positioning (4e). 
 
 
 
 
 
                                                               
Figure 3.1: Crystal structure of VO2. (a) Tetragonal structure and (b) Monoclinic structure [4]. 
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3.2 Electronic structure 
Vanadium dioxide is a thermochromic compound showing a reversible metal to semiconductor 
phase transition at a temperature, Tt, of 68 
o
C in single crystals. Above Tt, it has a tetragonal 
rutile (TiO2) structure and exhibits metallic properties. Below Tt it is a narrow gap (0.7 eV) 
semiconductor with a monoclinic structure. Thin VO2 films are polycrystalline and the phase 
transition is smeared out over a variable temperature interval. The broadness of this temperature 
interval depends on the size of the crystallites [5].  
The first theoretical description of the switching characteristics of VO2 was given in terms of the 
so-called metal to insulator transition (MIT), the applied crystal field and molecular orbital 
theory [5]. In the rutile type high-temperature phase, the V
4+
 ion with one 3d electron is in the 
centre of an oxygen octahedron. The lattice structure is characterized by chains of equidistant 
vanadium ions. The π* and d|| bands (resulting from the t2g levels of the VO2 octahedra) overlaps 
at the Fermi level, thus being responsible for the metallic properties above Tt.  
In the semiconducting state V-V pairing and off-axis displacement occurs along the vanadium 
chains, resulting in a monoclinic structure. The V-O hybridization changed and the V-V bonding 
is now stronger. The π* band rises above the Fermi level and the dk band is split into an empty 
and a filled one. Goodenough's [5] descriptions of the MIT in VO2 agrees qualitatively well with 
experimental data. The scheme (shown in figure 3.2) demonstrate well the phase transition of 
vanadium oxide from metallic phase (T > 68 
o
C) to semiconductor phase (T < 68 
o
C). 
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Figure 3.2:  VO2 unit cells shows the tetragonal scheme for the energy bands of VO2 as defined 
by Goodenough [5]. 
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3.3 Vanadium dioxide optical and electrical properties 
The electrical and optical properties of Vanadium oxides can be influenced by the external 
stimulus such as the temperature and exhibits a transition at a “critical” temperature, Tt. 
Vanadium dioxide in particular is recognized by the thermally induced metal-to-insulator-
transition (MIT) at a transition temperature (Tt) of 68 
o
C [6].  
VO2 exhibits a variation in the optical transmittance below and above the transition temperature 
Tt = 68 
o
C, as displayed in figure 3.3 (a). At the semiconductor phase, the spectrum shows the 
high optical transmittance and this attributed to the low free carrier concentration. At the metallic 
phase the spectrum displays a low optical transmittance in the IR region that is due to the 
increase in the free carrier concentration. In addition to this, the phase transitions phenomenon is 
also attributed to the charge transfer-lattice instability in this VO2 metallic phase [6].  Vikhin et 
al. [7] found that the optical transmittance showed a typical dependency on the temperature.  
The temperature range chosen (40, 60, 65, 70, 80 and 100 
o
C) covered the optical response of the 
two states (semiconductor and metallic state of the VO2 thin films) [7]. Figure 3.3 (b) shows a 
typical electrical resistivity plot of VO2 thin film as a function of temperature. The precipitous 
drop in electrical resistance focused at the transition temperature (Tt = 68 
o
C) is an indication of 
the presence of the VO2 phase. At above 68 
o
C the conductivity is metallic and upon cooling, the 
resistivity indicates a hysteresis of approximately 8 
o
C and shows a semiconductor phase. The 
electrical resistance change was found to be in the order of three magnitudes in the material 
investigated [8].   
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Figure 3.3: (a) Transmission vs. wavelength of VO2 (b) electrical resistivity for the VO2 thin 
films deposited on sapphire by Pulsed Laser Deposition (PLD) [8]. 
3.4 Applications and research activities  
Vanadium dioxide (VO2) belong to the family of material that differs in stoichiometry and the 
variations are displayed by the valence charge of the vanadium ions and its local coordination. 
These binary oxides are divided into two types, i.e. mixed valency oxides and single valency 
oxides. Mixed valency oxides display the Magneli phases indicated by a homologous series 
V2nO2n-1 or VnO2n+1 and single valency oxides are identified by the following four oxides, VO; 
V2O3; VO2 and V2O5. Vanadium ions in these oxides show the same valency charge. In these 
oxides, VO2 show an interesting phase transition, and, hence a great interest in it [9]. 
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VO2 has been grown on a variety of substrates to form nanostructures and thin films [10-13]. 
Glass is a common substrate used and others include aluminum oxide (Al2O3), magnesium oxide 
(MgO), germanium single crystal and silicon (Si) [14-16]. In this study the focus will be on the 
deposition of the VO2 material by Pulsed Laser Deposition (PLD) on glass and ZnO single 
crystals substrates. The VO2 material will be prepared as nano-composites and thin films, 
because VO2 is important in thin film form due to the prospect of it being incorporated in micro-
electronic circuitry as well as in optoelectronic devices [17]. 
VO2 thin films and nanostructures have previously been prepared by various methods such as RF 
magnetron sputtering [18], ion beam enhanced deposition (IBED) [19], electron beam 
evaporation technique [20] ion implantation [21,22], chemical vapor deposition(CVD) [23],  the 
sol-gel method [24] and even pulsed laser deposition [25] on the substrates of choice.  
Thin films of VO2 have found a use in various technological applications such as gas sensors 
[26], optical storage media [27] and infrared bolometers [28]. Nanostructures of VO2 (in the 
form of nanowires) have also found potential applications in nano-devices [29]. Moreover, VO2 
is used in energy saving materials such as smart windows or switchable windows. In this 
materials, VO2 is a functional layer and it respond to external stimuli such as temperature, by 
transmitting light in the visible region and reflecting it in the IR region of the electromagnetic 
spectrum [30]. Simply stated, VO2’s functional layer partially blocks the light when the day is 
hot and simply transmit the light when the day is cold.  
In addition, VO2 have been doped with various elements to enhance its properties. For example, 
it has been demonstrated by Yanfeng Gao et al.[31] that doping VO2 (M) nanoparticles with Sb
3+
 
shift the transition temperature to lower temperatures. Furthermore Mlyuka et al.[32] reported 
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that the luminous transmittance of VO2 is enhanced after doping the VO2 with Mg and the 
critical temperature decrease and hence a huge interest in doping Mg doped VO2 thin films for 
smart windows applications. In addition to this,VO2 thin films that have been doped with 
Tungsten (W), showed a shift of transition temperature to room temperature range (i.e. 34 
o
C) 
[33].  
Pulsed Laser Deposition is the synthesis method of choice for this investigation, because it’s a 
versatile technique that is experimentally “simple” and easy to use for the synthesis of thin films 
and multilayers [34]. Moreover this method can be used to fabricate nanostructured doped VO2 
materials [35]. 
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Chapter 4 
4.1 Synthesis methods  
4.1.1 Pulsed Laser Deposition (PLD) 
4.1.2 Introduction 
Pulsed Laser Deposition (PLD) is an inherently versatile, simple and flexible technique for 
depositing a wide range of the material on the substrates of choice [1]. Due to these incredible 
attributes, the technique can be applied on multi-component, high-quality single crystal, binary 
or tertiary compounds and even simple metals oxides deposition. In addition to this, the 
technique presents a way for exploration next-generation applications, such as nanostructured 
materials for electro-optically functional devices [2-3]. PLD gained increased popularity in the 
1980’s after the discovery of the high temperature superconductors. The high temperature 
superconductors (HTS) research fueled more interest and the PLD technique was re-invented. 
Since the HTS materials are mostly perovskites, the challenges for thin films deposition on 
oriented or epitaxial film growth are enormous; hence the need for improvements that can 
generate stoichiometric films similar to the target used (and the ability to grow complex oxide 
films). 
Because the PLD technique has the ability to grow materials from a single atomic layers to 
quasi-bulk crystalline material with thicknesses greater than 100 µm. In the 1990’s PLD gained 
momentum in-terms of publications leading to the ‘Pulsed laser deposition of thin films’ 
handbook by Wiley, due to the numerous researchers in the various fields that strengthened the 
PLD application. In PLD, new materials were grown and application areas increased 
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tremendously to pave a way for applications in the industry, academic and government 
laboratories [4]. 
4.1.3. Pulsed laser deposition process  
The intense laser beam is directed on to the solid material and it vaporizes a small amount of the 
material. The vapour is the aggregation of atoms, electrons, ions, neutrals and molecules. The 
kinetics of the aggregation of the vapour depends on the laser parameters such as laser intensity, 
laser wavelength and laser pulse width. The vapour plume builds up and then the vapour 
condenses on the substrate surface to form a thin film.  
 
The sequential events show the interaction between the laser pulses and the target as illustrated 
in figure 4.1. At (a) the first stage is the absorption of the laser radiation and the melting of the 
surface material. (b) Melts propagate into solid and the evaporation process continues. (c) The 
formation of the lesser and denser plasma and the expansion of the plasma. (d) The molten 
material left behind re-solidified. 
The quality of the thin film deposited depends on various fundamental parameters such as the 
substrate temperature, laser wavelength, target-to-substrate distance, laser density, pulse duration 
and the quality of the target. The PLD process is identified by laser-target interaction, plume 
expansion and film deposition. 
 
4.1.4. Laser-target interaction 
The laser ablation is divided into two mechanisms namely: primary and secondary processes [5]. 
In addition, laser ablation is subdivided into thermal, electronic and macroscopic sputtering.  
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4.1.4.1 Thermal sputtering 
Thermal sputtering involves the absorption of laser energy by melting and evaporation of the 
target material. The sputtering dominates when longer laser pulses are applied, leading to the 
contributions that is suitable to the target with low reflectivity. 
4.1.4.2 Electronic sputtering 
The electronic sputtering contribution has been reported in studies on metals. In this mechanism, 
the material interacts with ultra-short laser pulse and includes a quick excitation of the electron 
allocation or distribution with potent electron-electron coupling and increase the kinetic energy 
of the electrons. The heating of the lattice promoted by the material interaction with the ultrafast-
short laser pulse depend on the electron-photon coupling strength, hence the vaporization 
development. As evident, the electron contributions tend to prevail when using very short pulse 
duration in the order of sub-picosecond. 
4.1.4.3 Macroscopic sputtering 
The process is illustrated by the dramatic change of the ejected flux as the fluence increases 
leading to the blistering of the target material. This mechanism happens at temperatures closer to 
the critical point. The mechanism is recognized as relaxation of the laser induced evanesces into 
mixture of droplets and vapour existing at the same time.  
4.1.5 Secondary process 
The process involves collision effect, whereby the collision in the primitive stages of the 
expansion hold a place in the Knudsen layer. The process involves some fraction of the 
vaporized material backscattering towards the target surface and causes a secondary process. 
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4.1.6 Plume expansion 
When the laser irradiation is absorbed by the ablated target material, the heated and excited laser 
induced plume develops and expands. This investigation was carried out for the laser plume of a 
ZnO target. Monatomic O and Zn atoms and ions were observed. The study revealed that, the 
desorption and vaporization thresholds for ZnO, are 0.25 and 0.7 J/cm
2 
respectively [6,7]. 
Moreover the luminescence spectrum of the ZnO plume in Helium gas at these conditions, 4 
mbar pressure and 30 mm from the target exhibit various peaks ranging from 250 up to 680 nm 
in the optical spectrum.  
 
 
 
 
 
 
 
Figure 4.1: Schematic layout of the interaction between the laser pulses with the target material.  
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4.1.7 Pulsed Laser deposition system 
The system consists of the following major components: 
 a cylindrical stain less steel chamber and target holder. The target is able to hold a 
number of targets and very useful for multi-layer thin film deposition.  
 a heating substrate holder  
 a pumping station . 
A typical setup of the PLD system is schematically shown in figure 4.2 where you have a 
vacuum chamber, a target holder that is equipped with motors to rotate the target during laser 
ablation. The target holder can accommodate up to four targets. Additional components in this 
PLD system are the laser beam port with a quartz window, a heating substrate holder; oxygen 
inlet system; vacuum pumping system and a Nd:YAG laser. 
 
A picture of the actual chamber is shown in figure 4.3. Included at the top right corner in the 
picture is the typical plume that was generated during the deposition process. figure 4.4 (a) 
exhibits the front flange of the chamber with a clear view of the plume during the pulsed laser 
deposition, whilst figure 4.4 (b) shows the shutter in the chamber that is used to block the plume 
during deposition. 
Fig 4.5 shows a photograph of the major parts of the PLD system at the University of 
Stellenbosch Physics department, National Laser Institute. The photograph show the Nd:YAG 
laser compartment indicated by green arrow, the reflecting mirror indicated by the yellow arrow 
and the chamber is also shown by the yellow arrow. 
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Figure 4.2: Schematic illustrations of the laser deposition process and the important parts in the 
chamber. 
 
 
 
 
 45 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3: Photograph of the chamber with a heating substrate holder and a target holder.   
 
 
 
 
Figure 4.4: Photographs of the front chamber flange (a) and the shutter blocking the plume (b). 
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Figure 4.5: Photograph of the layout of the pulsed laser deposition units at the Physics 
department of the University of Stellenbosch. The photograph shows the three major components 
of the system, the Nd:YAG laser, the deflection mirror and the chamber. 
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4.1.8 Film growth processes 
In the film growth process, the atoms are ejected from the material onto the surface of the 
substrate. These particles start by diffusing on the surface, and reacts with the surface atoms and 
finally nucleate. This leads to the film growth modes that will be discussed briefly. 
Film growth involves three modes of nucleation and growth. The growth modes are 1.Wolmer-
Weber growth, 2. Frank-van de Merwe growth and 3. Stranski-Krastonov. 
4.1.8.1. Frank van de Merwe 
This growth mode is associated with a layer-by-layer growth and the film atoms are more 
strongly bounded to the substrate than to each other. The growth is the two dimensional 
monolayer growths. In this growth mode, the total surface energy describe by (γF + γI) of the 
wetted substrate is lower than the surface energy of the substrate γS. The free energy of the film 
surface is γF, the free energy of the substrate surface is γS and the free energy of the interface 
between the film and the substrate is represented by γI. In addition the firm bonding between the 
film and the substrate repressed the free energy of the interface and hence the addition of the two 
energies γF + γI < γS. 
 
 4.1.8.2. Wolmer-Weber 
In this growth mode the strong bond is between the films atoms and less bonding between the 
film and the substrate. No wetting of the substrate occurs that could lead to the increment of the 
total surface energy and this leads to the formation of three dimensional islands. 
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4.1.8.3. Stranski-Krastonov 
The growth mode can be described as the Frank van de Merwe mode changing to the Wolmer-
Weber. The growth mode is associated with the development of a lattice mismatch between the 
substrate and the films and the evolution of the biaxial strain. 
 
                                                                                       (a) 
 
                                                          (b) 
                              
                          
                                                          (c) 
 
Figure 4.6: Three ways of thin film growth processes. (a) Frank van de Merwe, (b) Wolmer-
Weber and (c) Stranski-Krastonov. 
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4.2.2. Ion Implantation 
Ion implantation is a physical process that introduces dopants in the material and modifies the 
surface properties of the materials. The advantage of this technique is that the dopants 
concentration (dose) and the depth can be accurately controlled and this feature makes it a 
popular technique in semiconductor industry for modifying the surfaces of the semiconductors. 
The distinct difference in contrast to the diffusion doping process, is the contamination free 
feature of the technique.  
Ion implantation technology constitutes the following components: 
 Ion source,  
 Extraction optics,  
 Initial acceleration,  
 Mass and energy analyzer, 
 Additional acceleration,  
 Beam scanning,  
 Sample chamber with auto-change and 
 Sample changing vacuum interlocks [8]. 
 Figure 4.7 shows a schematic of the ion implantation system. The ions are generated in the ion 
source by stripping electrons from atoms (process called ionization), and these ions are 
accelerated by the extraction voltage and moved to the mass and energy analyzer so that the ions 
of correct mass go through the aperture. These energetic ions are further accelerated by a series 
of plates to the scanning system, so as to raster scan the sample in the target chamber. The 
sample in the chamber can either be cooled or heated via the substrate heater.  
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Once the energetic ions enter the sample, they lose energy through two interactions: electronic 
stopping and nuclear stopping. The total stopping power or the energy loss (S) of the target is 
defined as the energy loss per unit path length of an ions and S is defined by the sum of these 
two terms, nuclear and electronic and is shown by the equation. 
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                                          4.1                                                                              
 
The energy loss process depends on the ion energy, hence the electronic stopping prevails at 
higher energies whilst nuclear stopping dominates at low energies [9]  
4.2.2.1 Electronic Stopping 
The electronic stopping involves the interaction between the incoming ions with the target 
electron and dominates at the intermediate energies. The theoretical model is complex, however 
in the low energy mode; the model is similar to drag force ascribed to the motion by a viscous 
medium. The expression as applied to the model is given by the Lindhard and Scharff equation 
[10]: 
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 Z1 and Z2 are the atomic numbers of the ion and the target respectively, whilst ao and vo 
represent the Bohr radius and velocity of hydrogen.  
4.2.2.2 Nuclear stopping 
The nuclear stopping is induced by a collision between two atoms and the process is depicted by 
classical kinetics. Nuclear stopping occurs at the low energy regime and continues even in the 
high energy regime. The nuclear is described by screen coulombic potential and express by: 
                                                    
           (
      
     
)                                                         4.3 
Where Z1 and Z2 are the atomic number of the implanted and the target atoms, εo is the 
permittivity constant, q is the electronic charge and fs(r) is the screening function of the nuclear 
charge. 
Given the interaction potential, classical kinetics can now be applied to describe the two-body 
collision event, where we assumed that elastic collisions theory applies. The equations of motion 
of atoms can be integrated to yield the scattering angle for the incident ion path and this occurs in 
the center-of-mass frame. The equation derived from that is given by: 
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)                                                 4.4 
Where T is the energy lost by the incident ion, M1 and M2 are the atomic mass numbers of the ion 
and target atom, E is the energy of the ion and θ is the scattering angle. 
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4.2.2.3 Dose calculations 
The dosage calculation is an important feature of ion implantation because there is a need to 
know specific amounts of n-type and p-type dopants in the semiconductors. Since the aim of 
using the ions is to modify the surface of the target. Hence it is essential to measure the extracted 
doses accurately and for this to be accomplished the ion beam current is accurately measured. 
The dose is described as the number of ions per centimeter squared and the dose of the implanted 
ions is expressed by the following equation [11]: 
                                    
          
  
           
                                                        4.5                                                          
Where D is the implanted dose, I is the beam current (nA or µA), t denotes the implantation time 
(s), q is the charge state of the ion and A is the area (cm
2
).   
 
 
 
 
 
 
 
Figure 4.7: Ion implantation instrumentation configuration [12]. 
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4.2 Characterization Techniques 
4.2.1 Raman Spectroscopy 
Raman spectroscopy is a pragmatic technique for quick identification and characterization of the 
molecules and minerals. The information that can be derived from these techniques after 
characterization and analysis is the structure and the properties of molecules involving the 
vibrational transitions [13]. Raman spectroscopy is also suitable for measuring the crystallinity 
of solids.  
The technique is briefly explained in this way. The sample is irradiated with a monochromatic 
light source, normally a laser interacts with the material leading to the molecular deformation in 
the electric field E induced by the molecular polarizability α. This phenomenon is called the 
Raman Effect. The laser beam is taken as an oscillating electromagnetic wave with the electrical 
vector E, and the results lead to the induced electric dipole moments p = αE, where p is the 
induced electric dipole moment of the molecule with the unit (Cm
-1), α is the polarizability with 
the unit (C
2
 m
2
 J
-1
 or m
3
) and E is the electric field with the unit (NC
-1
 or Vm
-1
) [14]. The 
consequence of the induced electric dipole moments is the distorted molecules and because of 
this periodic distortion of the molecules, molecules start to vibrate with the characteristic 
frequency, vs.  
The interaction of the laser beam with the sample involves the photons being scattered as they 
interact with the atoms or molecules and most photons are elastically scattered. This is called 
Rayleigh scattering (i.e. they have the same wavelength and energy as the incident photons). In 
addition Raman scattering also include an inelastic scattering part of the light and this scattering 
of the photons involves the incident photon interacting with the molecules or atoms leading to 
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scattered photons with a different frequency from the incident photons, the frequency is normally 
less than the incident photons. Figure 4.8 demonstrate the process.  
As shown in figure 4.8, the Rayleigh scattering is identified by photon energy ħωi before the 
interaction, the emitted photon energy ħωs after the interaction. In the Raman scattering as shown 
in the figure, the incident photon energy is identified by ħωi before the interaction, whilst the 
magnitude of the transition energy  is described by ħωM..The stoke scattering is identified by 
(ħωs-ħωM) while the anti-stokes scattering is distinguished by (ħω+ħωM).  
In Raman scattering two processes are identifiable, Stokes scattering and anti-Stokes scattering. 
Stokes scattering is briefly explained by the molecule or atom absorbing energy and emitting the 
photon with less energy than the absorbed photon and anti-stokes is illustrated by the emitted 
photon with more energy than the absorbed photon when the molecule or atom losses energy. 
Classically the Raman effect is considered as the perturbation of molecule’s electric field and in 
quantum mechanics view, is explained in terms of excitation to a virtual state and variation in 
vibrational energy. Figure 4.9 illustrate Stokes and anti-Stoke scattering as viewed quantum 
mechanically. The Stoke scattering involve an incident photon being. The energy-level diagram 
is presented in figure 4.9, which shows the Raman scattering.  The diagram show the initial state 
of the ground electronic state (v = 0) and the final state is the first vibrational level of the ground 
electronic state (v = 1).  
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Figure 4.8: Rayleigh and Raman scattering scheme 
 
 
 
 
 
 
 
Figure 4.9: Schematic of energy diagram showing the (a) Stokes and (b) Anti-Stokes Raman 
scattering.  
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4.2.2 Raman Instrumentation 
Raman spectrometers are based on two technologies namely dispersive Raman and Fourier 
transform Raman. The Fourier transform Raman uses a laser in the near infrared wavelength 
(1064 nm) while the dispersive Raman employs visible laser radiation with typical laser 
wavelength 780, 633, 532 and 473 nm. In the dispersive Raman the intensity of the Raman 
scatter is proportional to 1/λ4 leading to short excitation laser wavelengths and in turn produce a 
stronger Raman signal. 
 In this study the Raman spectrometer of choice is the dispersive Raman which is best suited to 
investigate single crystals. The dispersive Raman instrument is distinguished by the parts as 
shown in figure 4.10 a silicon charge-coupled device or CCD detector and a diffraction grating 
component. In the dispersive Raman, the Raman scattered light is focused on the diffraction 
grating which split the beam into its constituents wavelengths and then directed to the CCD 
detector.    
The Raman instrument used in this study is the Thermo Scientific DXR Raman microscope 
shown in figure 4.11. The instrument has features such as lasers and other replaceable 
components such as filters, gratings and fiber ports. DXR Raman microscope is distinguished by 
a spatial resolution < 1 µm, which depends on the wavelength of the excitation laser and the 
objective employed. The DXR Raman microscope has multiple excitation lasers supported 
wavelengths 780, 633 and 532 nm. The spectral resolution of full-range grating in particular for 
the 532 excitation wavelength is identified by the upper cutoff 3500 cm
-1
, lower cutoff 50 cm
-1
 
and the FWHM is 5 cm
-1
. The DXR microscope Raman microscope is also described by a ± 2 
wavenumber accuracy. 
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Figure 4.10: Schematic representation of the dispersive Raman setup [15]. 
 
Figure 4.11: (a) Schematic representation of the DXR Raman microscope. The scheme indicates 
the laser radiation source, flow of the radiation, microscope stage and the Raman signal. (b) 
Show the photograph of the DXR Raman microscope with the microscope compartment [15.16]. 
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4.2.3 Electrical resistivity 
The electrical resistivity of the materials is the ratio of the potential gradient parallel to the 
current in the material to the current density; however the more simplified definition is how 
much a material resists the flow of electricity. The resistivity is quantified in units of (ohm · 
meters) (Ω m) [17]. The electrical resistivity is symbolized by the Greek letter ρ and the 
conductivity is described by the Greek letter σ: 
                                                                  
 
 
                                                                           4.6 
There are two standard test methods for measuring resistivity, namely: Method A (Van der 
Pauw) and Method B (Parallelepiped or Bridge-Type). Van der Pauw is the method that is 
identified by singly connected test sample and the surface of the sample must be homogeneous 
(no holes or voids).In addition it is distinguished by use of arbitrary shaped specimen which is 
non- homogeneous in thickness. In the parallelepiped method the sample is required to be 
homogeneous in thickness and with a defined shape. The contacts required in this setup are also 
defined. [18,19]. The Van der Pauw setup is demonstrated in figure 4.12. 
 
 
 
 
Figure 4.12: Schematic diagrams of the Van der Pauw setup for the electrical resistivity 
measurements [20]. 
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In the Van der Pauw method the current is pulled through two adjoining contacts (1 and 2) and 
the voltage is measured across other two contacts (3 and 4). Assuming a current going across 
contact i to contact j and assigned as Iij while and is assigned Vkl , hence the resistance Rij,kl is 
formulated by Van der Pauw: 
                                                                  
       
   
    
  
                                                                 4.7 
Then Van de Pauw described the sheet resistance Rs of the specimen with arbitrary shape from 
R12, 34 and R23, 41, assuming that the contacts are consecutively numbered on the border of the 
specimen [21]. By solving the equation:  
                                                   ⁄              ⁄                                                      4.8 
The sheet resistance Rs can be obtained and the sheet resistivity expressed by the formula: 
                                                                                                                                           4.9 
Where ρ is the sheet resistivity, Rs is the sheet resistance and d the thickness of the specimen 
4.2.3.1 Electrical resistivity Instrumentation 
Figure 4.13 shows a chamber and a solid circular copper stage for mounting the sample. The 
simplified diagram for the connection of the sample to power source is shown on top right 
corner. The thermocouple probe is connected to the copper heating stage. The current source 
used is the TTi Ex 355 power supply for the maintenance of constant current on the sample 
during the measurement. Keithley 617 programmable electrometer was also used for measuring 
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the voltage. Figure 4.14 shows the typical electrical resistivity measurements setup employed for 
the resistivity measurements. 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.13: Electrical resistivity measurements chamber with the cylindrical copper sample 
holder and thermocouple probes and the power supply probes. 
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Figure 4.14: A typical electrical resistivity measurement instrumentation setup at the Material 
Research Department facility. 
4.2.4 UV-Vis-NIR Spectrophotometry 
Ultra-violet to visible to near Infra-red (UV-Vis-NIR), has been used in this study for 
investigation of the optical absorbance or transmittance of the thin films deposited by pulsed 
laser deposition. The thin films were deposited on borosilicate glass and ZnO single crystal 
substrates.. 
 The UV-Vis-NIR spectrophotometer employed is a 2000 series CECIL CE2021 UV-Visible 
spectrometer with wavelength range 190-1000 nm, bandwidth 4 nm and the wavelength accuracy 
is within ±1 nm. The spectrometer is composed of the following basic components: a light 
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source, focusing devices, a wavelength monochromator, a photodetector and a display 
instrument.   
The spectrometer works in this way, the emitted light from the light source goes through the 
monochromator that sorts out the light into its constituent’s wavelength. Slits which form part of 
the basic components of the spectrometer set apart a band pass of the wavelength required for 
measurements, then the light goes through the sample, where a part of the radiating light is 
absorbed. The absorption of light depends on the type and density of the sample and other parts 
of the radiant energy is transmitted to the detector and registered in the readout device as 
illustrated below in figure 4.15.    
Figure 4.15: Schematic illustrations of basic components of UV-Visible spectrophotometer. 
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Since the measurements involve the measurement of the wavelength of the absorption and also 
the intensity of the signal, the UV-visible absorbance is described by molar absorptivity and 
showed by Lambert-Beer law [22]:  
                   
                           (
  
  
)               And               
  
  
                       
4.10 
Where A is the absorbance, ε is molar absorptivity, b is the path of length of the radiation 
through the absorbing medium and T is the transmittance. The relationship can also describe the 
intensities of the incident (Po) and transmitted (PT) beam in solid sample and is shown in this 
relationship by: 
                                                                                                                              4.11 
And in logarithmic form the relation is  
                                                                (
  
  
)                                                            4.12 
Where α is the absorption coefficient and d is the thickness of the sample.  The transmission T is 
specified as: 
                                                            
  
  
                                                                             4.13 
Therefore         
                                                            (
 
 
)                                                                      4.14 
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The process is illustrated in figure 4.16, where an incident beam Po is directed to the solid sample 
with a thickness d and emerge as a transmitted beam PT. 
The specific focus for the UV-Visible measurement was the determination of the optical 
properties of ZnO, VO2 and ZnO/VO2/ZnO samples. The band gap data for ZnO was extract and 
manipulated to determine the band gap of ZnO samples. The Taue plot [hv = (αhv)1/2] was used 
to determine the direct band gap of ZnO. 
 
 
 
 
 
 
Figure 4.16: Scheme showing the absorption and transmission of light by the Sample. 
4.2.5 Atomic Force Microscopy 
Atomic Force Microscopy (AFM) also acknowledged as Scanning Force Microscopy (SPM) is 
an unavoidable tool in nanotechnology research. Its application makes it important analytical 
tool in this study. In AFM, useful information such as surface morphology, chemical and 
magnetic properties of the material can be obtained. AFM gives a base for understanding the 
surface morphology of the material of interest much better.  
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The AFM setup is shown in figure 4.17, where the probe is scanned across the sample and 
interacts with the sample surface. It works by evaluating the repulsive and attractive forces 
between the probe and the sample in two modes: contact modes and the tapping mode. Contact 
mode is where the tip is scanned at an unvarying force between the tip and the sample. When the 
laser is shined on the cantilever, the cantilever is deflected by the topographical variations 
leading to the scanner adjusting the tip position for the restoration of the tip cantilever deflection 
and hence the topographical image derive from the scanner position [23]. 
 Tapping mode involves the oscillating probe scanned at a height and taps the sample surface. In 
this mode the vibrational amplitude and the probe position is monitored and produce the 
topographical information of the sample.  
AFM consist of the following components scanner stage, laser, XYZ piezo movement unit, 
cantilever with a probe, a tip or probe and a photodiode for the feedback close circuit. The AFM 
used in this study is the Veeco Nanoman V atomic force microscope (AFM) using a normal Si 
tip (125µm) in tapping mode. The surface was scanned with an oscillating tip to its resonant 
frequency (50 – 400 kHz) with a scan rate of 0.9 Hz. The scan size ranges were of the order of 3-
10 μm. The Veeco Nanoman V atomic microscope is made up of the following; the scanner; 
laser compartment; and sample stage, tip head and these are the major parts of the machine and 
followed by the ancillaries, the photo-detector, laser, camera adjustments knobs as indicated in 
figure 4.18. 
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                        Figure 4.17: Schematic diagram of AFM instrument setup [24] 
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Figure 4.18: Photograph showing essential components of Veeco Nanoman V Atomic Force 
Microscope of iThemba LABS Material Research Department AFM facility. 
 
 
 
 
 
 
 
 
 
 68 
 
4.2.6 Scanning Electron Microscopy (SEM) 
4.2.6.1 Energy Dispersive Spectrometry (EDS) theory 
The electrons used in the energy dispersive spectrometry are produced by a hairpin – shaped 
tungsten filament that is heated up to overcome the work function of the metal.  This tungsten 
hair-pin is cased in the Wehnelt cylinder which makes part of the electron gun. The electron gun 
is connected to the negative pole of a high voltage supply and is located at the top of the 
microscope as seen in figure 4.19. The filament is negatively charged to a high electrical 
potential (in the order of several keV), and this causes the electrons to be accelerated towards the 
anode. The accelerated electrons pass through the aperture in the anode which trims off 
peripheral electrons and allows the rest through. The electrons that passes through the anode 
aperture, diverge below this point and the electromagnetic lenses are then used to converge these 
“spread out” electrons. The lens system focused the e-beam for the interaction with the 
specimen. 
When a beam of high energy electrons interacts with a specimen, one of the important processes 
that take place is the emission of characteristic x-rays from the constituent atoms of the 
specimen. When a beam of energetic electrons interacts with the atoms, the inner shell electrons 
are knock off and a vacancy is created. An electron from a higher energy level fills the vacancy 
of the knocked off electron, during this process an x-ray that have a unique energy to that 
element is emitted. The energy of this x-ray can then be used as a qualitative way of analyzing 
our specimen [25]. 
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Figure 4.19: Schematic drawing of the scanning electron microscope [26]. 
 
4.2.7 Focus Ion Beam (FIB) 
The focus ion beam (FIB) is primarily used for preparation of thin cross-sectional samples of the 
surfaces for TEM (XTEM) analysis, but could also be used for other surface manipulations. 
Using it for ion imaging however require a different set-up than when using the FIB for  XTEM 
samples as ion detectors are required which is quite different that the normal electron detectors in 
the SEM. 
The FIB instruments are identified by liquid metal ion source (LMIS), vacuum system, Ion 
column, stage, gas inlets, detectors and computers. The focus ion beam operation matches that of 
 
 
 
 
 70 
 
a scanning electron microscope (SEM) processes. FIB uses a focused beam of gallium ions (Ga
+
) 
rather than electron beam used in SEM. Gallium as a metallic element for liquid metal ion source 
(LMIS) is presently used because of its low melting point, low surface free energy, low vapour 
pressure and it has a highest quality mechanical, electrical and vacuum properties [27]. The 
focused beam of gallium ions is used for milling at high beam currents and for imaging at low 
beam currents. 
Milling and Imaging using a focused ion beam depends on the ion beam-solid interaction. The 
primary Ga
+
 ion beam penetrates the target or sample surface to a certain depths, depending on 
the energy of the beam. In addition the ion beam sputters some material, and during the impact, 
secondary electrons (e
-
), neutral atoms (n
o
), positive and negative ions (I
±
) are produced, figure 
4.20 illustrate the principle.  The sputtered secondary electrons and ions are collected to form 
images and at high probe currents the secondary image has good resolution but at lower currents 
the images looses resolution. By introducing a small quantity of gas on the surface of the sample 
and simultaneously scanning the Ga
+
 ion beam on the surface of the sample, then the FIB can 
etch the material. This is done by bringing in the gas through a gas injection system as illustrated 
in figure 4.20. Platinum (Pt), Palladium (Pd) and silicon dioxide (SiO2) are typical examples of 
the gaseous species used in the gas injection system.  
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Figure 4.20: Schematic representation of FIB operative principal. 
4.2.8 Rutherford Backscattering spectrometry (RBS) 
Rutherford backscattering spectroscopy (RBS) technique is an analytical technique that uses 
electrostatic accelerators. This technique provides essential information of the depth profile and 
the composition of the material under investigation [28]. The technique is based on the 
measurement and detection of the charge particles scattered elastically by the nuclei of the target 
[29]. RBS measures the energy of the backscattered particles, commonly alpha particles that are 
backscattered at certain geometry (165
o
 scattering angle). In RBS the atomic scattering is 
explained by the kinematics of the two-body collisions, this binary collision is represented by the 
billiard ball model as shown in figure 4.21, where a moving projectile i.e. incident atom (
4
He
+
) 
hit the stationary target atoms, backscatter and detected by the silicon barrier detector. The 
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incident atom and the stationary atom experience equal repulsive force. The collision leads to 
change in energy of the projectile after scatter from the stationary atom. The transfer of energy 
from the projectile to the stationary atom results in energy gain for the stationary atom and leads 
to recoil or backscatter of the stationary atom from its rest position as seen in figure 4.21 The 
phenomenon is governed by the laws of conservation of energy and momentum. The energy ratio 
between the projectile energy E1 after collision and the energy Eo before collision, derived from 
binary collision theory [30] is given by the relation: 
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                                                 4.15 
 
The energy ratio E1 / Eo, is called the kinematic factor K, and the relation clearly shows that the 
energy after scattering depends upon the mass M1 of the projectile, the mass M2 of the target atom 
and the scattering angle θ.From the expression given by the kinematic factor equation an 
algebraic expression of the energy after scattering can be derived and is given by: 
                                                                                                                                       4.16 
Where K is the kinematic factor and Eo is the incident energy of the projectile and the energy of 
the backscattered particle is E1. 
When the incident ions impinge on the target, the numbers of backscattered ions are detected by 
the silicon surface detector (SSD) at angle θ and the solid angle Ω. The areal density (Nt)i  for the 
ith-element can be determined by the formula. 
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                                                            4.17 
Where (Nt)i is the areal density of the ith-element, Ai  is the integrated peak count or the Yield, Q 
is the number of the incident ions, σi (E,θ) is the differential scattering cross-section and the θ is 
the  incident ion angle and t is the thickness of the thin film. 
 
4.2.8.1 Rutherford cross-section 
The cross-section is defined as a measure of the probability that an interaction occurs and the 
bigger the cross-section, the greater the probability that the interaction will take place when the 
particle strike the target. In RBS the differential scattering cross-section dσ/dΩ is given by the 
formula: 
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Where Z1 and Z2 are the atomic numbers of the incident ions and target atoms respectively, M1 
and M2 are the mass of the projectile and the target atom, E is the energy of the incident ion 
before scattering, θ is the scattering angle of the incident ions and e is the electronic charge  (e = 
6.02 ×10
-19
 C) [31]. 
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Figure 4.21: Schematic illustration of elastic collision between two unequal masses as viewed 
in-terms of laboratory frame of reference. [32]. 
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4.2.9 Channeling 
Channeling occurs when the energetic ions are steered in the rows of atoms by means of 
complemented number of mild small angle collisions in single crystalline samples. To hold this 
channeled trajectory the ions must not exceed the limiting approach distance rmin to the strings of 
atoms as illustrated in figure 4.22. These strings of atoms ascertain the maximum angle of 
incidence experienced by the trajectories. In the continuum approximation in which the ions are 
channeled axially, channeling is strongly influenced by the equation. 
 
                                                      
                                                                       4.19 
Where     represent the transverse portion of the ion energy E and implying that the energy must 
be preserved to asure equal angle before and after the reciprocal action, ψ is the incident angle of 
the ions or particles and the V(r ) is the continuum potential [33]. To maitain and achieve ion 
trajectory, the maximum value assumed for the incident angle ψ of ions in channeling  must 
relate to the closest approach distance rmin which is depicted by the equation. 
                                                                   
                                                        4.20 
   
Where ψc is the critical angle which is reponsive to the displacement of the atoms from their 
equilibrium locations. The other important parameter in channeling is the minimum yield χ min 
which is defined as the ratio HA/H of the heights of two spectra taken in the near surface region 
for aligned and random orientation of single crystalline sample and is illustrated in figure 4.23 
[33]. 
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Channeling can be simply describe in figure 4.24, where the spectrum assigned RBS random 
examplifies a condition in which insident beam is not aligned in the single crystalline sample and 
no channeled part of the entering flux of ions is observed. The figure also show a spectrum 
labelled RBS channelling which illustrates the aligned incident beam with the low index 
crystallographic direction and indicating low yield of the backscattered ions. 
The channeling technique is used for studying the crystalline quality of thin films, implantation 
damage in single crystalline samples used in the semiconductor industry and also used in the 
invetigation of lattice location of impurities in crystalline samples. 
 
 
 
 
   
 
 
 
Figure 4.22: Scheme representing the trajectory of the incident ions along the row of single 
crystalline sample and illustration of the closest approach distance rmin. 
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Figure 4.23: Schematic showing the random and aligned spectra of the crystalline sample and 
the energy window E(2) and E(1). 
 
 
 
 
 
Figure 4.24: Scheme illustrates the random and channeling experimental setup and the typical 
spectra obtained on the random and aligned single crystalline sample.  
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4.2.10 Particle-Induced X-ray Emission (PIXE) 
 
Particle-Induced X-ray emission (PIXE) is a non-destructive elemental analysis technique [34]. 
PIXE is the technique that uses a mega-electron volt (MeV) energy beam of charged particles 
from electrostatic accelerators such as the Van de Graaff and tandem, to induce characteristic x-
ray emission from inner shells of atoms in the target or specimen [35]. 
The technique is routinely employed in various interdisciplinary sciences fields such as 
environmental science, material sciences, geology, archeology, biological sciences and medicine 
[29]. PIXE employ a beam of charged particles such as protons, α-particles and heavy ions to 
induce inner-shell vacancies in the atoms of the target. Accelerated energetic charged particles, 
usually protons eject the electrons in the inner shells of the target atoms and generate holes or 
vacancy. The vacancy is then filled by the electron from a higher energy state and the energy 
released by the process is emitted as a characteristic x-rays as illustrated on figure 4.25. The 
emitted x-rays are detected by the frequently used Si (Li) detector. Figure 4.26 shows a typical x-
ray spectrum of a ZnO single crystal investigated by PIXE technique. 
 
Figure 4.25: Inner shell electron excitation with resultant characteristic X-rays [36]. 
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Figure 4.26: A typical fitted X-ray spectrum of ZnO single crystal by a fitting program. The 
green solid line is the experimental data and the red solid line represents a fit by the GeoPIXE II 
program.   
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4.2.11 X-Ray Diffraction (XRD) 
4.2.11.1 Introduction 
X-rays are part of the electromagnetic radiation which has wavelengths in the range of 0.5 Å to 
2.5 Å. The short wavelengths of the x-rays make them good probes for studying the atomic 
arrangement in solid state matter. These x-rays are produced when a thermionic gun capable of 
emitting electrons is resistively heated by passing electric current through it. The emitted 
electrons are then accelerated through a potential difference of 20 kV, when these accelerated 
electrons hit the copper metal target; some of the electrons from the copper metal are excited to 
the anti-bonding states from their orbital. During this process electron from higher energy orbital 
make a transition to fill the vacancies of the excited electrons, during this transition the energy 
difference between the initial and the final energy states is released in the form of an x-ray.  
 
These x-rays are then directed towards the specimen under investigation. The atoms in the 
material then diffract these x-rays. The diffracted x-rays can be used to determine whether the 
material under investigation is either single crystalline, polycrystalline, microcrystalline or 
amorphous in their structural arrangement [37]. 
 
When a crystalline material is being examined using the x-rays, the crystallographic orientation 
of the atomic planes in the sample can be extracted from the x-rays diffraction peaks. These 
peaks are indexed to give the orientations of the atomic planes in the sample using the PDF 
diffraction data base.   
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4.2.11.2 X-rays diffraction on crystalline material 
To study the crystallographic nature of the crystal using x-rays, it is vital that the beam of x-rays 
must be monochromatic and coherent as they emanate from the x-ray source. The Cu Kα1 x-ray 
radiation was used to study all the prepared films. When a beam of energetic electrons hit a 
copper target, x-rays of different wavelengths are emitted, these x–rays are diffracted from a 
crystal such that only Kα monochromatic x-ray beam is incident to the sample.   
 
The monochromatic x-rays impinge on the samples to be studied, in the process some x-rays are 
transmitted while some are diffracted by the atomic planes in the sample. The diffracted x-rays 
are collected by the detector and analyzed by the digital data acquisition system. The 
crystallographic information of the sample under study is presented in diffraction spectrum as 
seen on figure 4.27. 
 
 
 
Figure 4.27: A typical X-ray diffraction pattern of CsCl powder sample [38]. 
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A θ-2θ D8 Advanced Bruker XRD machine at iThemba LABS was used to study the 
microstructure of all the grown thin films. From the Bragg’s condition, constructive interference 
takes place when the wavelengths of x-rays radiation have the same order as the path difference 
between the scattering centers as illustrated in the figure 4.28.  
    
                                                                                    4.21 
     
Where n is an integer and shows the order of reflection, λ is the wavelength of the X-ray beam, θ 
is the Bragg angle and d is the lattice distance between the lattice planes. 
                    
For the case of amorphous material it is known to lack a long range order and hence contains no 
particular repetitive periodic structure to give meaningful constructive interference diffraction 
peaks.  
 
 
 
 
 
 
 Figure 4.28: Schematic illustrations of x-ray diffractions for Bragg's diffraction conditions. 
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Chapter 5 
ZnO thin films 
5.1 Introduction 
Transparent conductive oxides (TCOs) have received a great deal of attention, because of its use 
in devices that require a transparent contact. Examples of such devices include transparent 
conductive electrodes which are vital components of all types of flat display panels [1]; as well 
as its use as transparent contacts in solar cells [2] for the efficient current collection with high 
carrier diffusion lengths and the allowance of the incident light to arrive at the active component 
of the device. 
TCO that is commonly used in such devices is the Sn-doped In2O3 (ITO) which has excellent 
carrier densities that exceed 10
21
cm
-3
and the resistivity under 10
-5Ω-cm, nevertheless indium is 
not an abundant material [3].Therefore more work has been carried out to find out an alternative 
to ITO. Doped ZnO such as Ga-doped ZnO, Al-doped ZnO, SnO2 and CdO form part of the 
solution of fabricating TCOs without Indium included [4-6]. In this study, ZnO, which is 
regarded as a TCO material, will be synthesized by pulsed laser deposition (PLD) to form thin 
films on glass substrates [7]. This fabrication of ZnO thin films will serve as layers of which 
vanadium dioxide (VO2) layer will be sandwiched in between the two layers ZnO films.      
The thin films will be examined by various characterization techniques such as X-ray diffraction 
(XRD), Atomic Force Microscopy (AFM), Rutherford Backscattering Spectrometry (RBS) and 
UV-Vis spectroscopy.  
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5.2 Experimental methods 
Disc sintered ceramic ZnO pellet (99.99 %) purchased from Sigma-Aldrich were mounted in a 
pulsed laser deposition chamber. The target was mounted on the target holder (with possibilities 
of mounting four targets) and the vacuum chamber was evacuated to a base pressure of 5×10
-5
 
mbar. The partial oxygen pressure was set to 3×10
-2
 mbar for the deposition of ZnO on a glass 
substrate, and detailed deposition conditions for ZnO thin films are described in Table 5.1. The 
growth temperature was maintained at 550 
o
C as suggested in the literature [8]. The higher 
growth temperature causes an increase in diffusion of the oxygen and zinc atoms on the 
substrates. This leads to a decrease in the oxygen and zinc vacancies and results in higher 
crystalline films formation [8]. This higher crystalline film formation was confirmed with the 
subsequent XRD results. A Q-switched (Quanta-Ray Pro 270-10E) Nd:YAG laser with a 
wavelength  λ=355 nm was used to ablate  ZnO target for a series of 5 to 60 minutes.   
The target holder was mechanically rotated to avoid deep grooves to form on the target material. 
The ZnO films were grown at a repetition rate of 10 Hz and an irradiation time of 5-60 minutes 
(3000-36000 laser shots). The thin film layers were deposited in a single PLD run by maintaining 
the same partial oxygen pressure. Thin films were deposited on a borosilicate glass substrate 
with a thickness of 0.5 mm. 
The microstructures of the thin films were investigated with a Brucker D8 powder X-ray 
diffractometry, using Cu Kα1 radiation, with wavelength λ = 1.5405 Ǻ. The surface morphology 
and roughness of the thin films on glass substrates were studied using a Veeco Nanoman V 
atomic force microscope (AFM) with a normal Si tip (125µm) in the tapping mode. The surfaces 
of the films were scanned while the tip was oscillating at a resonant frequency of 50 – 400 kHz, 
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with a scan rate of 0.9 Hz. All measurements for AFM were made at room temperature Optical 
properties were measured by using CE2000 Series UV-Vis-NIR spectrophotometer in the 
wavelengths domain 200-1100 nm at normal incident. Rutherford backscattering spectrometry 
(RBS) measurements were performed with 2 MeV alpha (4He
2+
) particles using 6MV Van der 
Graaff accelerator. The scattering angle was θ = 165o and the detector resolution was 20 keV. 
The beam current was in the range 50-60 nA. SIMNRA was used for RBS spectral analysis and 
simulation [9].  
Table 5.1 Deposition conditions for preparation of ZnO thin film layers on both the glass 
substrates by PLD. 
Laser power 
Base pressure 
Partial oxygen pressure 
Target 
Substrate temperature 
Substrate-to-target distance 
Repetition rate 
Beam spot size 
Laser fluence 
Deposition time 
180 mJ 
5×10
-5
 mbar 
3×10
-2
 mbar 
Ceramic ZnO target 
550 
o
C 
6.6 cm 
10 Hz 
6 mm
2
 
3 J.cm
-2
 
5 minutes-1 hour 
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5.3 Results and Discussions 
5.3.1 Crystalline structures and Surface morphology 
Figure 5.1 shows XRD θ-2θ scans of ZnO thin films deposited on borosilicate glass substrates by 
pulsed laser deposition (PLD). The deposition time was varied during the depositions. Based on 
preliminary studies a deposition time between 5-60 minutes was chosen for the synthesis of the 
films. The results show thin films that exhibit a typical hexagonal wurtzite structure of ZnO and 
also indicate that all thin films are highly textured. All thin films exhibits (002) and (004) 
diffractions peaks which indicate strong c-axis orientation growth. The diffraction angles of 
(002) and (004) diffraction peak were identified at 2θ = 34.46o and 72.60o. The diffraction peaks 
correspond well to those of the ZnO pattern from the standard powder diffraction pattern JCPDS 
card No. 36-1451 [10]. The intensity of (002) peaks are pronounced and much sharper, signaling 
that the thin films are crystalline material. 
 
 
 
 
 
 
 
 
Figure 5.1: XRD patterns of ZnO thin films grown at various time of deposition on borosilicate 
glass substrates by Pulsed Laser Deposition (PLD). 
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Figure 5.2 shows the plots of the average grain size as a function of the film thickness of the 
diffraction peak at 34.46
o
, which is ascribed to (002) plane. The point in the plot at 5 minutes 
deposition indicates that the average grain size is quite larger (150 nm) compared to the average 
grain sizes of the films deposited at 15 to 60 minutes. This indicates that the ZnO thin film 
grown at 5 minutes deposition suggests that there is a columnar growth. The thicker ZnO thin 
films deposited at 15 to 60 minutes indicates that renucleation occurs at the previously grown 
columnar grains. Moreover the renucleation indicates the appearance and coalescence of small 
grains. The low average grains size value 50 nm, clearly indicates the small grains in the thin 
films as the thickness increases, The grain size was determined by the Scherrer’s formula [11, 
12]. 
                                                            
    
     
                                                                     5.1 
Where D is the grain size, λ is the radiation wavelength, β is the FWHM value (0.11o-0.28o) and 
θ is the Bragg angle of (002) diffraction peak and the average crystalline sizes ranges from 50-
150 nm. 
 
 
 
 
 
 
Figure 5.2:  The average grain sizes  for various time of deposition as a function of the thin film 
thickness. 
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Figure 5.3 shows the 5×5μm scanned three-dimensional AFM images of ZnO thin films formed 
at various times (5-60 minutes). The films show a grainy structures, better uniformity and 
homogeneity, with larger grains developing as the time of deposition increases. The 
agglomeration of small grains resulted in the formation of the larger sized grains, as shown in 
figure 5.3(d), with higher surface roughness.  Figure 5.3 (a)-(e) show 3D AFM images with (a) 
exhibiting a smooth surface and (b)-(d) showing an increase in surface roughness whilst the (e) 
image indicates a decrease in the film roughness. This seems to suggest that there are 
recrystallized grain structures and this trend agrees with Thornton’s structure zone model [13]. 
Figure 5.4 clearly shows the evolution of the surface roughness (rms) as a function of time of 
deposition. The surface roughness of the films was calculated in terms of the root mean square 
(rms) value by applying AFM software package. The root mean square value of the surface 
roughness can be calculated by using the formula:  
 
                                                     √
 
 
∑     ̅                                                                  5.2 
 
where Zi is the value of Z at the ith pointing,  ̅  is the average of the Z value and N is the number 
of points. The rms value for the ZnO thin films was estimated to be 6.7 nm, 12.9 nm, 16 nm , 33 
nm and 12.1 nm for the film deposited at 5, 15, 30, 45 and 60 minutes respectively.  As shown in 
the plot in figure 5.3, the roughness of the ZnO increase as the time of deposition increase and 
reach maximum value (33 nm) at 45 minutes and decrease rapidly to 12.1 nm at 60 minutes.  
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Figure 5.3: AFM images of ZnO thin films grown on borosilicate glass substrate by pulsed laser 
deposition. (a) Indicates ZnO thin film deposited at 5 min. (b) 15 minutes, (c) 30 minutes, (d) 45 
minutes and (e) 60 minutes on the glass substrate. 
 
 
 
 
 93 
 
 
 
 
 
 
 
 
 
 
Figure 5.4: ZnO thin films roughness (rms) at various time of deposition. 
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Since the particles have traversed the thin film they lose energy along the incident track as well 
as along the outward path and leads to the total energy difference ΔE of the backscattered 
particles. Hence a peak width ΔE is related to the thickness of the thin film. Therefore the peak 
seen on the high channel number represents the thickness of the ZnO thin film. The consecutive 
backscattered spectra (b) to (e) show the evolution of the thickness of the films as the time of 
deposition increase. Figure 5.6 shows the three-dimensional RBS random spectra of the films as 
the time of the deposition increases. Figure 5.7 indicates that the thickness of the ZnO thin films 
increase as the time of deposition increase. The thickness of the films range from 205 to 3617 
nm, and are estimated from the simulation fitting and the oxygen to zinc ratio O:Zn was found to 
be 1.04±0.05 by RBS simulation fitting. 
The spectrum for 60 minutes deposition illustrate that the film has grown thicker. This indicates 
that the width ΔE for the individual element in the film increases, whilst the high energy edges of 
each signal remain fixed at its position.  As the width ΔE of a signal continues to increases it 
finally overlaps with the signal of a lighter element. This suggest that the increase in the thin film 
thickness lead to the Zn signal superimposing on the O signal and leading to all signals 
overlapping and the spectrum resembling that of  a  thick compound target [14]. 
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Figure 5.5: RBS spectra for the ZnO thin films deposited at various deposition time by pulsed 
laser deposition. (a) 205 nm, (b) 509 nm, (c) 898 nm, (d) 1442 nm and (e) 3617 nm thicknesses. 
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Figure 5.6: Three-dimensional (3D) RBS random spectra for the ZnO thin films deposited at 
various deposition time.  
 
 
 
 
 
 
 
 
Figure 5.7: ZnO thin films thicknesses as a function of time of deposition. 
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5.3.3 Optical properties 
Figure 5.8 shows the transmittance spectra of the ZnO thin films deposited on a borosilicate glass 
substrate at various time of deposition by pulsed laser deposition. All data was collected at room 
temperature. All the films show transmittance above 50 % in both the visible region and near IR 
region. The spectra, for 15 minutes to 60 minutes deposited thin films on glass, show the 
interference fringes in the transmission spectra. Since ZnO is a transparent material and 
identified by its wide optical direct band gap, the optical absorption coefficient α can be 
estimated by the equation [15]:  
                                                               (     )
 
                                                           5.3 
Where A is a constant, n value is 1/2 and 2 for direct and indirect band-gap respectively. Since 
ZnO is a direct band gap n = 1/2. The optical band gap (Eg) is evaluated by plotting (αhv)
2
 versus 
hv from the absorption spectra by using Tauc’s extrapolation [16] as seen in figure 5.9. The 
energy band gap of the thin films is shown in Figure 5.10 and it shows a decrease in band gap 
energy (Eg) as the deposition time increase from 5 to 60 minutes. The Eg values decrease from 
3.25 to 3.17 eV illustrating the Burstein-Moss shift [17-23].  
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Figure 5.8: Transmittance spectra of ZnO thin films deposited at various time of deposition by 
PLD. 
 
 
 
 
 
 
 
 
Figure 5.9: The plots of (αhv)2 versus Photon energy (eV) for the ZnO thin films on borosilicate 
glass substrates at various time of deposition (a) 5, (b) 15, (c) 30, (d) 45 and (e) 60 minutes. 
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Figure 5.10: The plot of band-gap (Eg) of ZnO thin films versus time of deposition.  
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brittleness of the material [28]. This presented an opportunity to study the irradiation effect of 
hydrogen on ZnO. 
 Furthermore when a semiconductor is irradiated with hydrogen it creates defects on the surface 
of the semiconductor, apart from the intrinsic defects normally created by un-avoidable or 
unintentional impurities incurred during the growth of the ZnO semiconductor [29]. 
The commercial ZnO single crystal, of thickness 0.5 mm and 10 × 10 mm
2
 area purchase from 
CrysTec, GmbH (Berlin, Germany), was used for irradiation and implantation. 
6 MV iThemba LABS Van der Graaff Accelerator was used for proton irradiation on the ZnO 
single crystal. The vacuum inside the irradiation was maintained at 1×10
-6
 mbar.  The proton 
energy used was 2 MeV, the average current ranged from 40-50 nA and the beam spot size was 2 
mm in diameter.  
The irradiated ZnO single crystal  sample were characterized using Raman spectroscopy 
(Thermo Scientific, DXR Raman Microscope spectrometer) with Argon (Ar
+
) excitation 
wavelength (λex) of 532 nm that was used for the measurements. The laser power was set at 3 
mW and the laser spot size was approximately 10 μm. 
 
 Two 10×10 mm
2
 ZnO single crystals were implanted with 20 and 40 keV C
+
 ions energies 
respectively. The fluence used ranged from 5×10
15
 to 7×10
15
 ions/cm
2
. The low energy ion 
implanter facility at GNS Science was used [30, 31]. 
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5.4.1 Vibrational properties and Surface morphology  
Figure 5.11 shows photographs taken of the 10×10 mm
2
 ZnO single crystals. The picture on the 
left hand side (a) shows eight irradiated areas in ZnO single crystal and (b) on the right hand side 
shows the un-irradiated ZnO single crystal. Figure 5.12 shows the Raman spectra of the Zn-face 
ZnO single crystal irradiated (b)-(i) and the un-irradiated (a). Wurtzite ZnO crystal structure  
belong to the hexagonal  arrangement with a space group C6υ
4
 and can have up to 8 sets of 
optical phonon modes at the Γ point of the Brillouin zone consisting of A1+E1+2E2  modes which 
is Raman active, 2B1 (silent) and A1+E1 modes (IR active) as predicted by the group theory [32, 
33]. Figure 5.12 shows the spectrum of un-irradiated ZnO single crystal (a) and it is 
characterized by the pronounced strong band intensity at frequency 99 cm
-1
 and 437 cm
-1
, and 
the weak band intensity at 333 cm
-1
. The peak at 99 cm
-1
 frequency
 
is assigned to E2 (low) 
vibration mode associated with the vibration of the heavy Zn sublattice and peak at 437 cm
-1
 is 
assigned to E2 (high) vibration mode and associated with only oxygen atoms [32].  These peaks 
are fingerprints of the Raman scattering spectrum for the ZnO single crystal. Comparing  the  
irradiated  ZnO single crystal spectra (b)-(i) to the un-irradiated spectrum (a), there is a clear 
difference in-terms of new peaks appearing at frequency range 102-200 cm
-1
 and 600-700 cm
-1
 
wavenumber that is characterized by a broad band width and weak band intensity. The peaks 
were previously observed and were found to be induced by H
+
 irradiation and are ascribable to a 
multiple-phonon process [34-36].  
Step-like feature induced by irradiation was also observed in the 102-200 cm
-1
 frequency range 
and it exhibits an increase in the intensity as the fluence increased. This step-like feature was 
also observed by Kennedy et al. and explained by using ad initio lattice dynamics calculations 
[37, 38]. The step-like feature is not observed in the un-irradiated region of the ZnO single 
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crystal hence an indication that the peaks were induced by H
+
 irradiation. Another interesting 
feature in the irradiated spectra marked by (b)-(i) is the Raman peak at 579 cm
-1
 frequency that is  
not present in the un-irradiated spot of the ZnO single crystal. The peak at 579 cm
-1
 frequency 
was also observed by Arguello et al. [39]. The peak is induced by H
+
 irradiation and is assigned 
to the A1 (LO) vibration mode and is characterized by a broad band width, strong band intensity 
and two shoulder peaks at 525 cm
-1
 and 553 cm
-1
 respectively.  Likewise figure 5.13 shows the 
three dimensional Raman spectra of ZnO single crystal bombarded with H
+
 ions and indicating 
clearly that the un-irradiated ZnO spectrum has no A1 (LO) vibration mode at 500-600 cm
-1
 
range. 
 
 
Figure 5.11: Photograph of the 10×10 mm
2
 ZnO single crystal, (a) proton irradiated ZnO single 
crystal and (b) un-irradiated ZnO single crystal.  
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Figure 5.12: Room temperature Raman spectra of H+ ions irradiated on ZnO single crystal. (a) 
Represent the un-irradiated spectrum and (b) to (i) the irradiated spectra.  
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Figure 5.13: Three-dimensional Raman spectra of ZnO single crystal irradiated with H
+
 ions (D-
R) and the un-irradiated spectra (B).   
Figure 5.14 (a) shows the un-irradiated area whilst (b) and (c) displays the AFM images of the 
irradiated areas at 5×10
16
 and 2×10
17
 H
+
/cm
2
, respectively.. As expected, the H
+
 irradiation had 
created defects in the ZnO crystal resulting in the creation of some surface modification. This is 
a similar observation as seen in the irradiation of ZnO single crystal with atomic hydrogen 
carried out by Losurdo et al [40]. 
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Figure 5.14: Typical three-dimensional images of AFM showing the surface roughness of the 
irradiated areas: (a) Un-irradiated, (b) 5 × 10
16
 H
+
/cm
2
 and (c) 2 × 10
17
 H
+
/cm
2
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5.4.2 Crystalline structure 
Figure 5.15(a) shows the Rutherford Backscattering Spectrometry-Channeling spectra (RBS-C) 
of aligned and random ZnO single crystal samples implanted with 5×10
15
 C
+
ions/cm
2
 C
+
at 20 
keV. The aligned RBS-C spectrum is identified by the open black circle at the bottom of the 
spetra. The reduced yield reveals that the sample is highly crystalline which indicates that the 
damage caused by C
+
 ions is only on the surface of the sample. The associate random spectrum 
is identified by the open blue circle on top of the spetra. It shows the Zn signal at the higher 
channel numbers while the C and O atoms are at the lower channel numbers.  The red dotted 
circle in the aligned spectrum indicates a disorder peak near the surface that is associated with 
the number of displaced atoms per square centimeter, (and can be found from the ratio of a peak 
area to the height of the random spectrum). Figure 5.15 (b) show a calculated profile by 
DYNAMIC-TRIM, which indicate that the 20 keV C
+
 ions penetrated the  ZnO single crystal to 
a projected depth of about 40 nm [41]. This projected depth profile reveals that the implantation 
is shallow. Similarly figure 5.15 (c) shows the RBS-C random and aligned spectra of ZnO single 
crystal implanted with 7×10
15
 C
+
 ions/cm
2
 at 40 keV.  The align spectrum also show the disorder 
peak, which is identified by the dotted green circle in the ZnO single crystal spectrum. The 
results also suggest that C
+
 ions implanted at 40 keV also caused damage near the surface.  And 
in addition the TRIM plot seen in figure 5.15(d) indicates that the projected range (RP) is 
approximately 80 nm. This suggests that the implanted is C
+
 ions penetrated deeper in the ZnO 
single crystal as compared to the one implanted at 20 keV.  
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Figure 5.15: RBS/C spectra of ZnO single crystals implanted with C
+
 ions at various energy and 
fluencies. (a) 20 keV, 5×10
15
 C
+
 ions/cm
2
 and (c) 40 keV, 7×10
15
 C
+
 ions/cm
2
 and projected 
depths profiles (b)-(d). 
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5.5 Summary 
ZnO thin films fabricated by pulsed laser deposition on borosilicate glass substrates at various 
times of deposition present a granular, crystalline structure. AFM results demonstrate that the 
surface roughness increases with an increase in film thickness and tend to decrease as the films 
become quite thicker as observed by the Thornton PLD growth mechanism. The film thickness 
increase as the time of deposition increases as confirmed by the RBS measurements, which also 
confirm that stoichiometry of the film to be to very close to a 1:1 ratio. 
 
The UV-Vis-NIR transmittance measurements were used for the calculation of the optical band-
gap determined from the Tauc optical extrapolation and the optical band gap followed the 
Burstein-Moss effect. The Raman spectroscopy results on the irradiated ZnO single crystal 
showed that, proton H
+
 irradiation of ZnO single crystal creates defects and activates Raman 
modes that are generally silent, and this occurs via a disorder–activated Raman scattering 
phenomenon (DARS). The radiation fluence was increased from 1×10
16
 H
+
 ions/cm
2
 to 5 ×10
17
 
H
+
 ions/cm
2
 and quite clearly demonstrate that the proton irradiation induce the A1 LO mode and 
the Raman intensity of the mode increase with the radiation fluence. In addition the AFM results 
reveal that there is some surface modification that took place. The RBS/C demonstrate that the 
implanted C
+
 ions in ZnO single crystal cause only damage at the shallow region in the sample 
surface and revealed that the sample was still highly crystalline.  
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Chapter 6  
VO2 thin films 
6.1 Introduction 
Vanadium dioxide (VO2) belongs to the chromogenic material family whose optical and 
electrical properties, upon being stimulated by the temperature and electric field, induce the 
metal-to-semiconductor phase transition with reversibility capabilities [1]. VO2 has attracted a 
great deal of attention in the material science research community because of its semiconducting-
to-metallic phase transition [2-5]. This phase transition phenomenon was first observed by Morin 
in 1959 [6]. 
Vanadium dioxide exhibits a tetragonal (P42/mnm) rutile structure above critical temperature 
(Tc) = 68 
o
C and below Tc the structure is distorted and has the monoclinic (P21/C) structure [7].
The tetragonal rutile structure above Tc is identified by six atoms(2V+4O) in the crystal unit cell 
and in the monoclinic structure the crystal unit cell doubles and is identified with 4 V+ 8 O [8]. 
Due to these marvelous properties, VO2 has gained a huge interest in the smart windows 
applications. Hence a solar heat induced transition is demonstrated on smart windows in 
particular the windows coated with VO2 [9]. 
At elevated temperatures, above the critical temperature of VO2, the thin film has metallic 
properties that is due to the change in its energy band gap at these temperatures, as the 
crystallographic structure changes from monoclinic to tetragonal. It was shown that the critical 
temperature for this phenomenon can be changed by doping VO2 with W and other metals [10]. 
However, the pure thermochromic VO2 had limitation in terms of achieving a sufficiently high 
113 
luminous transmittance. The thickness of the VO2 thin films was reduced, in order to sort out this 
problem but in turn caused the thermochromic effect loss in the infrared region. Granqvist et al. 
proposed a multilayer VO2 based films approach to enhanced luminous transmittance of the 
thermochromic VO2 [11]. The proposed approach paved a way in this study to synthesize 
multilayer VO2 material. 
Vanadium dioxide thin films were synthesized to provide a basis for the multilayer deposition of 
ZnO and VO2. VO2 thin films are also interesting in practical technological applications ranges 
from sensors, to development of protective coatings technologies [12]. 
The fabrication of VO2 thin films is reported in this chapter and it is characterized by techniques 
such as X-ray diffraction, Rutherford Backscattering Spectroscopy, Atomic force Microscopy 
and Resistivity measurements. The idea is to optimize the fabrication conditions of the pulsed 
laser deposition technique for the preparation of the VO2 material.  
 6.2 Experimental methods 
A flat disc of vanadium foil with purity (99.72 %) purchased from Sigma-Aldrich, was mounted 
on a sample holder in the deposition chamber. The vacuum chamber was evacuated to a base 
pressure of 5×10
-5
 mbar and the partial oxygen pressure was set to 3×10
-2
 mbar for the
deposition of VO2 films on the borosilicate glass substrates.The detailed deposition conditions 
for VO2 is shown in Table 6.1. A Q-switched (Quanta-Ray Pro 270-10E) Nd:YAG laser, with a 
wavelength  λ = 355 nm, was used to ablate the V target for a series of depositions. 
The crystalline structures of the thin films were investigated with a Brucker D8 powder X-ray 
diffractometry using Cu Kα1 radiation. The surface morphology and roughness of the VO2 thin 
films on glass substrates were observed by Veeco Nanoman V atomic force microscope (AFM) 
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using a normal Si tip (125µm) in tapping mode. The surface was scanned with an oscillating tip 
to its resonant frequency (50 – 400 kHz) at a scan rate of 0.9 Hz. All measurements for AFM 
were made at room temperature and a 5×5 μm2 area was scanned.
The optical properties of VO2 were investigated by using the CE2000 Series UV-Vis-NIR 
spectrophotometer in the wavelengths domain 200-1100 nm at normal incident. Rutherford 
backscattering spectrometry (RBS) measurements were performed with 2 MeV alpha (4He
2+
)
particles using the 6MV van der Graaff accelerator. Scattering angle was θ =165o and the
detector resolution was 20 keV. The beam current was in the range 50-60 nA. SIMNRA was 
used for RBS spectral analysis and simulation. 
Table 6.1 Deposition conditions for preparation of VO2 thin film layers on the glass substrates 
by PLD. 
Laser power 
Base pressure 
Partial oxygen pressure 
Target 
Substrate temperature 
Substrate-to-target distance 
Repetition rate 
Beam spot size 
Laser fluence 
Deposition time 
180 mJ 
5×10
-5
 mbar
3×10
-2
 mbar
Metallic Vanadium target 
500 
o
C
6.6 cm 
10 Hz 
6 mm
2
3 J.cm
-2
5 - 60 minutes 
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6.3 Results and Discussions 
6.3.1 Crystalline structures and Surface morphology  
Figure 6.1 shows the XRD pattern of VO2 thin films deposited on the borosilicate glass by 
pulsed laser deposition. The thin films are highly textured as evident from the XRD pattern in 
figure 6.1. The pronounced peaks at 2θ = 18.47o and 27.88o are observed in figure 6.1 and are 
ascribed to (100) and (011) respectively. The less pronounced diffraction peaks at 2θ = 37.63o, 
55.71
o
and 65.16
o
 are ascribed to the (020), (211), (013) VO2 planes respectively, all the peaks 
were identified from the PDF 01-072-0514 [13].   
 
 
 
 
 
 
 
 
 
      Figure 6.1: XRD patterns of VO2 thin films deposited at 5-60 minutes. 
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The peak at 2θ = 18.47o for 5 minutes deposition exhibits a weak  intensity compared to the
peaks of the same (100) VO2  plane shown by the spectra for VO2  thin film deposited at 15 and 
30 minutes. In addition, the XRD pattern reveals that all samples exhibit a preferential VO2 (M) 
phase [14, 15], which have a preferred orientation (011) VO2 planes. The deposition temperature 
used was 500 
o
C since it has been reported in the literature that the monophasic VO2 (M) films
are formed at the temperature range 475-520 
o
C [16, 17].
Figure 6.2 shows the average grain size of (011) VO2 monoclinic planes as a function of thin 
film thickness. The point in the plot at 5 minutes deposition indicates that the estimated average 
grain size is ~ 75 nm. Equation 5.1 was used by assigning FWHM (0.22
o
) with Bragg angle 2θ =
27.88
o
. The thin films deposited at 15 to 60 minutes show a decrease in average grain size, with
the exception of the thin film deposited at 30 minutes. The average grain size was estimated to be 
75 nm, which indicates that there might be high laser fluence during the ablation process that 
leads to the formation of droplets.  The decrease in average grain size suggests renucleation 
occurs on the previously grown grains. This indicates that there was small grains coalescing on 
the previously grown larger grains.. 
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Figure 6.2: Average grain size of the (011) VO2 monoclinic planes versus the thickness of VO2 
thin films on glass substrate. 
Figure 6.3 shows the three-dimensional AFM images of VO2 deposited on glass substrates.  
Figure 6.3 (a) shows small crystalline grains and the root mean square roughness is about 7.59 
nm. Figure 6.3 (b)-(e) show an increase in roughness and a sudden decrease of the roughness 
(after 45 minutes). This suggest that the increase in thickness led to the smoothening of the film 
due to the nucleation and coalescence processes that increase the grain size and grain distribution 
of the film, as the time of deposition increase and is confirmed by the RBS spectra. Figure 6.4 
shows a plot of root mean square as a function of time of deposition. The plot indicate that the 
roughness of the films increase as the time of deposition increases and it suggests that the films 
deposited at 5 and 15 minutes show a smooth surface and also exhibit small grain sizes.      
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Figure 6.3: Three-dimensional AFM images of VO2 thin films deposited on borosilicate glass 
substrates at various time of deposition, (a) 5 , (b) 15 (c) 30 , (d) 45 and (e) 60 minutes. 
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Figure 6.4: Surface roughness (rms) of the VO2 thin films versus the time of deposition. 
6.3.2 Thickness and Stoichiometry 
In Figure 6.5 the RBS results reveals the presence of vanadium and oxygen atoms in their right 
proportion in the VO2 thin films that was deposited at various times. Figure 6.5 (a) shows the 
RBS spectrum of VO2 thin films deposited on glass at 5 minutes and the thickness of the film 
deduced from the (SIMNRA) simulation was 60 nm. The spectrum indicates the presence of 
Vanadium and Oxygen atoms in the thin films. The peak seen at the high channel number 
indicates the element of high Z number, which in this case is V and at the low channel number of 
the spectrum is oxygen signal from the surface. Figure 6.5 (b)-(e) shows RBS spectra of the VO2 
thin films deposited at 15, 30, 45 and 60 minutes. The RBS spectra demonstrate the increase in 
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VO2 thin films thickness as the time of deposition increase and the three-dimensional spectra 
depicted in figure 6.6 clearly demonstrates this trend.  
Figure 6.5: RBS spectra of VO2 thin films of different thicknesses (a) 60 nm, (b) 158 nm, (c) 
284 nm, (d) 435 nm and (e) 452 nm. 
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Figure 6.6: Three-dimensional (3D) RBS spectra registered with 3 MeV He
+
 beam.
Figure 6.7 plot show the stoichiometry and the thickness of the VO2 thin films as a function of 
time of deposition. The plot shows that the thicknesses of the thin films increased as the time of 
deposition increased. The stoichiometry of the film deposited at 5 min show a O/V ratio = 2.12 
which confirm the presence of VO2 and the O/V ratio of films deposited at 15,30,45 minutes 
show a decrease as the time of deposition increases. 
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Figure 6.7: The O/V ratio plot and the thickness of the VO2 thin films versus the time of 
deposition of the VO2 on the borosilicate glass. 
6.3.3 Electrical properties 
Figure 6.8 shows the electrical resistivity as a function of temperature for the VO2 thin film 
deposited for 60 minutes. The results confirm the metal-insulator-transition (MIT). The plot 
shows the temperature dependency of the electrical resistivity of the VO2 thin film [18-20]. The 
resistivity observed showed a change of nearly 4 orders of magnitude as the temperature is 
cycled amid the metal-insulator-transition. 
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The metal-insulator transition temperature Tc for bulk VO2 is reported in the literature to be Tc = 
68 
o
C [6,21], however the transition temperature observed in this resistivity versus temperature
measurements was found to be Tt = 63± 1 
o
C and its associated hysteresis width is 6.5 
o
C. The
decrease of the transition temperature of the VO2 film might be from the stress of the film and it 
is reported elsewhere in the literature [22].  The open endedness of the resistivity data, as 
identified by the red circle in the plot, indicates that during the cooling process in the 
temperature cycle, this unsubstantial decrease in resistivity indicates that the film might be 
containing other phases of vanadium oxides which may not obey the Mott’s transition. 
Figure 6.8: Electrical resistivity of VO2 thin film deposited on glass substrate at 60 minutes. 
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6.4 Summary 
The thin films deposited on the borosilicate glass substrate are VO2 thin films as confirm by the 
XRD measurements. The XRD measurements affirm that the VO2 thin films prefer a (011) 
orientation and display a monophasic (011) VO2 (M) in all thin films deposited at various time of 
deposition. The roughness of the films as indicated by AFM show the smoothing tendency as the 
thickness increases. RBS confirm the presence of vanadium dioxide in the films and the O/V 
ratio of the films decrease with the time of deposition indicating the effect of thickness towards 
the stoichiometry of the films. The resistivity results shows that the VO2 films exhibit a metal-
insulator transitions as expected for good prepared VO2 thin films.  
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Chapter 7
ZnO:VO2 Multilayer structures 
7.1 Introduction 
Transparent conductive oxides (TCO) have increasingly attracted attention in the opto-
electronics industry due to its unique physical properties like its high electrical conductivity and 
high optical transparency. TCO has also attracted attention due to its potential application in 
electrochromic devices [1].  TCOs are also currently used in emerging applications with distinct 
functions and features. These applications involve oxide based thin film transistors (TFTs) [2-5], 
transparent thin film transistors (TTFTs) [6] and flexible transparent electronics [7]. Thin film 
transistors (TFTs) are used as pixel driver for organic LEDs (AMOLEDS) [2] and flexible 
transparent electronics have found usage in organic light-emitting diodes (OLED’s) [8]. Since 
ZnO is a transparent conductive oxide, it exhibits high optical transparency and has a direct band 
gap (3.4 eV) and a large exciton binding energy of 60 meV [9]. 
 In addition, ZnO has technological applications in gas sensing [10], light-emitting devices [11, 
12], and biosensors [13]. ZnO thin films can be prepared by techniques like metal organic vapour 
deposition (MOCVD) [14], molecular beam epitaxy (MBE) [15], atomic layer deposition (ALD) 
[16] and pulsed laser deposition (PLD) is the fabrication method of choice [17]. 
 VO2 on the other hand also display interesting optical and electrical properties and is known by 
its thermally induced metal-to-insulator transition (MIT) at transition temperature of T= 67 
o
C
[18, 19]. VO2 has also found technological application in thermochromic coatings, fiber-optical 
switching devices and missile guiding systems [20]. The fabrication methods of VO2 thin film 
includes atmospheric-pressure chemical vapour deposition [21], ion implantation [22], reactive 
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electron beam evaporation, reactive ion-beam sputtering [23], ultrasonic nebula-spray pyrolysis 
[24] and also pulsed laser deposition [25]. Hence the multilayer stack structures of ZnO and VO2 
will be synthesized using pulsed laser deposition (PLD). 
7.2 Experimental methods 
Disc sintered ceramic ZnO pellets with 99.99 % purity and pellet cut from metallic vanadium foil 
also with purity 99.72 % and purchased from Sigma-Aldrich were mounted in the deposition 
chamber. The two targets were mounted on a target holder that could hold four targets. The 
vacuum chamber was evacuated to a base pressure of 5×10
-5
 mbar with a partial oxygen pressure
of 3×10
-2
 mbar for both the deposition of ZnO and VO2 on the two substrates of choice. Detailed
deposition conditions for both ZnO and VO2 are as described in Table A.1 and A.2. A Q-
switched (Quanta-Ray Pro 270-10E) Nd:YAG laser with a wavelength of λ=355 nm was used to 
ablate the ZnO target for 5 minutes, and the V target for 10 minutes. 
The thin layers were deposited in sequentially, single PLD runs starting with the ZnO first. This 
was done by maintaining the same partial oxygen pressure for both ZnO and VO2 and varying 
the time of deposition for each layer. Thin films were deposited on the borosilicate glass 
substrate of thickness 0.5 mm and a commercial ZnO single crystal of thickness 0.5 mm and 
10×10 mm
2
 area.
The crystalline structures of the thin films were investigated with a Brucker D8 powder X-ray 
diffractometry using Cu Kα1 radiation with λ = 1.541Å. The surface morphology and roughness 
of the ZnO/VO2/ZnO thin films on glass and ZnO single crystal substrates were observed using a 
Veeco Nanoman V atomic force microscope (AFM) with a normal Si tip (125µm) in tapping 
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mode. The surface was scanned while oscillating the tip at its resonant frequency (50 – 400 kHz) 
with a scan rate of 0.9 Hz. All measurements for AFM were made at room temperature. 
The structural and morphology investigation of the multilayer films was carried out with high 
resolution SEM (Carl Zeiss Auriga Field Emission Scanning Electron Microscope) at 2.5 kV. 
The optical properties were measured with a CE2000 Series UV-Vis-NIR spectrophotometer in 
the wavelengths domain 200-1100 nm at normal incident. RBS measurements were performed 
with 2 MeV alpha (4He
2+
) particles using 6MV van der Graaff accelerator. Scattering angle was
θ =165o and the detector resolution was 20 keV. The beam current was in the range 50-60 nA.
SIMNRA simulation package was used for RBS spectral analysis and simulation [26]. 
Elemental analysis of the multilayer thin films were performed using a nuclear microprobe at the 
Materials Research Department (MRD), iThemba LABS. The Alpha (α-particles) beam of 2 
MeV energy was focused to a  7.7 × 7.7 μm2 spot and scanned on the selected area of the
multilayer thin films employing a square scan patterns with a variable number of pixels (up to 
128 × 128). The α-particles beam current was kept at <150 pA. The µPIXE spectra were 
registered with a Si (Li) detector of active area 30 mm
2
 positioned at take-off angle of 135
o
 and a
distance of 23 mm and no filter was used as an external absorber. Data evaluation was performed 
using GeoPIXE II software package [27-29]. Quantitative elemental images were produced using 
the Dynamic Analysis method [30].   
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7.3 Results and Discussions: ZnO/VO2/ZnO/ Glass substrate 
7.3.1 Crystalline structures and Surface morphology 
Figure 7.1 shows the XRD pattern for ZnO/VO2/ZnO multilayer deposited on the borosilicate 
glass substrate. The dominant diffraction peak observed at 2θ = 34.6o and 72.8o belongs to the
ZnO (002) and (004) planes respectively. Also a diffraction peak at 2θ = 18.5o belongs to VO2
(100) monoclinic plane and other VO2 planes such as (020), (320), (204), (214) and (400) were 
also detected. 
All the diffraction peaks identified in the XRD pattern of the ZnO phases tally with those of the 
ZnO pattern from JCPDS card No. 036-1451. Also, the VO2 diffraction peaks that were 
identified match with the JCPDS card No. 072-0514. It is clear that the ZnO phases seen in 
Figure 7.1 indicate that ZnO has a hexagonal wurtzite structure with c-axis orientation and the 
diffraction peak intensity of the (002) plane of ZnO at 34.6
o
 is quite more pronounced than that
of the (004) planes at 72.6
o
 suggesting a high orientation of the (002) phase in the system. Other
ZnO phases such as the ZnO (100), (102) and (103) planes were also observed elsewhere [31] 
where vanadium was doped in ZnO to synthesis nanocrystalline V-doped ZnO powders by 
modified sol-gel method. The author suggest that the emergence of this phases is as a result of V 
doped in ZnO causing the formations of either nanorod, nanoparticle or both shapes [31]. 
The crystalline size of ZnO in the ZnO/VO2/ZnO multilayer was estimated to be 60 nm at 
FWHM (0.28
o
) and at Bragg angle 2θ = 34.6o using the Scherrer equation, suggesting that the
sample is highly crystalline. Moreover the crystallinity of the sample was improved by ZnO 
layer as a buffer layer between the glass substrate and the subsequent layer. This incorporation of 
the ZnO layer as a buffer layer has been previously reported and authors concluded that the 
 
 
131 
incorporation of the wurtzite structured buffer layer improve greatly the surface morphology and 
optical transparency as in the case of GaN films and its beneficiation in the growth of crystalline, 
highly c-axis oriented LiNbO3 thin films [32]. 
The grain size of VO2 monoclinic was also estimated using the Scherrer equation (i.e. D = 
0.9λ/βcosθ) and found to be 77 nm using FWHM 0.21o and a Bragg angle 2θ = 18.5o was used.
The results also show diffraction peaks the (100), (020) and (300) planes of VO2 that seems to 
indicate that the VO2 preferred the b-axis orientation. It was confirmed by the Chiu et al. that the 
VO2 films prepared under partial oxygen pressure (of 1.33 Pa) using a ZnO as buffer layer 
deposited on glass substrate prefer the b-axis orientation [33,34]. 
Furthermore, a Zn1-xVxO phase with c-axis preferential orientation has been reported in literature 
[31] and a possible origin of this phase was stated as being due to the reaction of the deposited 
VO2 with ZnO. However, the XRD pattern in figure 7.1 show no sign of the Zn1-xVxO phase, 
which could be ascribed to the limit of detection of the machine being reached. 
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Figure 7.1: XRD pattern for the multilayer ZnO/VO2/ZnO/glass, ZnO deposited at 5 minutes 
and VO2 at 10 minutes by PLD. 
Figure 7.2 (a) and (b) shows an AFM and SEM image respectively for the multilayer sample. 
Figure 7.2 (a) depicts a three-dimensional AFM image of the ZnO/VO2/ZnO multilayer thin film. 
The multilayer surface shows a rough surface and a noticeable clustering of grains, which 
suggests possible columnar growth. The surface roughness (rms) was found to be 25.1 nm. 
Figure 7.2 (b) shows the SEM image of the ZnO/VO2/ZnO multilayer film at 80K X 
magnification. The image shows the surface with small uniformly dense grains and few 
embedded droplets, which are synonymous with the deposition. 
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Figure 7.2: AFM image and SEM images of ZnO/VO2/ZnO multilayer on glass substrate. (a) 
Three-dimensional AFM image of 10 × 10 μm scan size, (b) SEM image of the multilayer thin 
film at 80K X magnification. 
 
Figure 7.3 shows the high resolution TEM image (HRTEM) of the ZnO/VO2/ZnO multilayer 
thin films deposited on glass substrate by PLD. The figure shows three distinct layers. The glass 
substrate is assigned by e. The layer ascribed by d indicates columnar growth of the ZnO thin 
film, which follows the Van der Drift model [35] and these ZnO grains are perpendicular to the 
glass substrate e.  
 The columnar structures indicate that ZnO preferred a c-axis orientation, which is confirmed by 
XRD results. The VO2 layer is ascribed by c, the film can be distinguished by the larger grains, 
which resemble zone 3 type in the Thornton structure model of PLD for the thin films growth by 
physical deposition technique [36]. Also in the layer ascribed by b (ZnO thin film), shows large 
grains that suggest that the expected columnar crystals for ZnO combined together to form larger 
(a) (b) 
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grains observed in layer b. The layer assigned a, is the Pt layer specifically intended for the 
Focus Ion Beam milling process. 
In addition, the EDX results seen in figure 7.4 represents the region c and d  (boundary)  of the 
VO2 layer , indicates that elements V, Zn and O are present in the sandwich layer, this suggests 
that there is a formation of nanocomposite of ZnO and VO2 at the interface of both films. These 
results are in line with the results reported when the formation of Zn1-xVxO occurs in thin films 
grown by PLD.  Elements such as C, Cu and also S are from the sample holder. 
Figure 7.3: (a) High-resolution TEM (HRTEM) cross section image of ZnO/VO2/ZnO 
multilayer deposited on the glass substrate by PLD and (b) shows a schematic diagram of the 
multilayer of ZnO/VO2/ZnO posited on glass substrate. 
(a) 
(b) 
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This Zn1-xVxO composite was not observed from the XRD results, but from figure 7.5 of the 
HRTEM at the interface between the layer of ZnO d and VO2 c there are nano-grains which have 
a texture which is neither that of ZnO or VO2. This is the same region where EDX spectrum in 
figure 7.4 was taken and it points to the formation of a Zn1-xVxO composite. At higher 
magnification (as shown in figure 7.6) the grains, of the Zn1-xVxO at the interface between the 
ZnO and the VO2 are clearly observed. The selected area diffraction (SAD) pattern of both the 
VO2 and ZnO are clearly shown.  
Figure 7.4: EDX spectrum taken between c and d (boundary) showing three important 
elements Zn, V, O, detected from the layer. Cu originates from the FIB TEM copper grid and C 
and S are from the sample holder..  
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Figure 7.5: HRTEM image at the interface between c and d layer indicating two grains. 
ZnO thin film 
VO2 thin film 
Nano-grains 
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Figure 7.6: TEM image for the region between c and d with associated inset figures of SAD 
pattern. 
 
Figure 7.7 shows the EDX spectrum for layer d (ZnO) and results indicates that important 
elements such as Zn, O are present in the layer. The Cu peak is definitely from the FIB TEM 
ZnO thin film 
VO2 thin film 
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copper grid. The SAD pattern for the region between layer b and c indicate that the material in 
the area is crystalline.  
 
Figure 7.7: X-ray spectrum of elements Zn, O, Cu, Si and C from the layer d registered by 
HRTEM EDX. 
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7.3.2 Depth profiling 
Figure 7.8 shows RBS spectrum of the ZnO/VO2/ZnO multilayer deposited on the glass substrate 
by PLD.  The spectrum is rather limited on revealing the details of the interface, however it 
shows that we have Zn, O and V in the layers. The simulated spectrum was modeled into three 
layers. The first layer indicates that the there is  Zn and O atoms as was expected. The second 
layer showed the presence of V, Zn and O atoms, this points to the formation of a Zn1-xVxO 
composite at the interface of the ZnO and VO2 during the growth of the layer as reported in the 
literature [31]. This RBS simulation confirms the HRTEM observation that there is composite 
formation when VO2 and ZnO thin films are grown. The thickness of this layers were found to be 
243 nm in the first layer, 146 nm second layer and 286 nm the third layer.  
Figure 7.8: RBS spectrum of a ZnO/VO2/ZnO multilayer deposited on glass and measured by a 
3 MeV He
+
 beam. The RBS experimental RBS spectrum is represented by dots and the joint
dotted red line represents the SIMNRA fit to the spectrum. 
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7.3.3 Optical properties 
Figure 7.9 shows the UV-Vis–NIR transmittance spectra of the ZnO/VO2/ZnO multilayer 
deposited on the glass substrate. The optical transparencies of the samples were determined from 
the spectral wavelength range 200-110 nm. Figure 7.9 (a)-(b) show the spectra of ZnO/VO2/ZnO 
multilayer thin film for the heating cycle and cooling cycle. The spectra show low magnitude of 
switching of VO2 in the IR region confirming the XRD results that indicate the presences of VO2 
phases in the multilayer. However the switching property of the VO2 in the multilayer system 
showed to be very low, suggesting that the ZnO has suppressed the Mott-transition of VO2.The 
spectra indicate that the transparency of the multilayer in the visible region is above 30 % and 
hence suggests that the incorporation of the ZnO layer enhanced the transparency of the 
multilayer as compared to the VO2 thin film system.     
Figure 7.9: Transmittance spectra of ZnO/VO2/ZnO multilayer deposited on glass with varying 
temperature. (a) Heating cycle and (b) cooling cycle. 
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In the heating and cooling cycle plot in figure 7.10, the percentage transmittance of the VO2 thin 
film on glass shows that the percentage transmittance of the film is lower compared to that of the 
multilayer composite in figure 7.9. On the other hand the transition of the pure VO2 has a much 
higher magnitude than that of a multilayer system. This tradeoff between the percentage 
transmittance, which is enhanced by the addition of ZnO layer, and the magnitude of 
transmission by the pure VO2, is application dependent. 
Figure 7.10 shows the optical transmittance of the VO2 thin film deposited for 10 minutes on a 
glass substrate using PLD technique. The measurement was performed to demonstrate the 
transmittance before adding the layers of ZnO. Figure 7.10 (a)-(b) clearly show the metal-
insulator transition (MIT) as the transmittance change with temperature in the infrared region. 
The low transmittance was observed and the origin is from the strong inner-band and inter-band 
of the absorptions in the short-wavelength range [37]. Figure 7.10 (a) shows the heating cycle 
with temperature range 25-100 
o
C and figure 7.10(a) shows the cooling cycle starting from 100 
o
C to 25 
o
C 
 
 
 
 
Figure 7.10: Optical transmittance spectrum of VO2 deposited at 10 minutes on glass substrate 
by PLD. (a) Heating cycle and (b) Cooling cycle. 
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7.3.4 Elemental Analysis: ZnO/VO2/ZnO/glass substrate 
Figure 7.11 shows a typical µPIXE spectrum of multilayer thin film deposited on the glass 
substrate by PLD. The spectrum shows elements V, Zn, Ca, Al, S, K, Fe, Si and Mg that were 
detected using µPIXE. Elements Zn and V are detected from the deposited layers on the glass 
substrate and the presence of these elements on the multilayered structures were also confirmed 
by EDX results. Elements Si, Ca, Al, K, and Mg are detected from the glass substrate suggesting 
that the beam energy used was sufficient and penetrated the multilayers and reached the glass 
substrate. The elemental maps shown on figure 7.12 point out that Zn and V elements are 
homogeneously distributed on the surface of the multilayer. 
Figure 7.11: A typical fitted PIXE spectrum of ZnO/VO2/ZnO multilayer thin films deposited on 
the glass substrate by PLD, indicating V, Zn, Ca, Si and pile-up peaks. 
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Figure 7.12: Elemental maps indicating the distribution of metals (a) Zn and (b) V on the 
multilayer thin films (ZnO/VO2/ZnO/glass) deposited on glass substrate by PLD. 
(a) (b) 
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7.4 Results and Discussions: ZnO/VO2/ZnO/ZnO single crystal 
7.4.1 Crystalline structures and Surface morphology 
Figure 7.13 shows the XRD pattern of the ZnO/VO2/ZnO multilayer deposited on a ZnO single 
crystal. Similarly in the XRD pattern observed from the ZnO/VO2/ZnO multilayer deposited on 
the glass substrate, the dominant peaks (002) at 34.4 and (004) at 72.6 of ZnO planes are 
observed. It shows that the ZnO film has a preferred c-axis orientation growth on the substrate. 
The diffraction peaks intensities at (002) and (004) of ZnO are quite pronounced and obscure 
other peaks suggesting that there is high concentration of (002) and (004) planes. However the 
logarithmic intensity scaling of the diffraction pattern seen on figure 7.14 shows VO2 planes and 
artifacts peaks. The diffraction peaks for VO2 are also identified and matched with the JCDS 
Card No. 072-0514. The results also indicate that VO2 preferred b-axis orientation as indicated 
by (020) VO2 plane [34].    
Figure 7.13: XRD patterns of ZnO/VO2/ZnO deposited on ZnO single crystal substrate. 
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Figure 7.14: XRD pattern of ZnO/VO2/ZnO multilayer deposited on ZnO single crystal 
substrate with the intensity shown on logarithmic scale. 
Figure 7.15 depicts the three-dimensional AFM and SEM images of the ZnO/VO2/ZnO 
multilayer deposited on the ZnO single crystal substrate. Figure 7.15(a) shows a three-dimension 
AFM image with a scan area of 20 µm × 20 µm,  that exhibits an immense congregated flat 
volcano-like islands. It is evident that the islands are randomly distributed on the surface. The 
surface roughness (rms) was found to be 75.1 nm, which is rough compared to the 
ZnO/VO2/ZnO multilayer deposited on the borosilicate glass. The deep trough seen on the AFM 
image  is the shadow of the cantilever  interacting with debris on the surface.  Figure 7.15 (b) 
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shows SEM image scanned at 80K X magnification confirming that the surface of the film has a 
stretched flat islands randomly distributed on the surface of the film. 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.15: (a) Three-dimensional AFM image of ZnO/VO2/ZnO multilayer grown on ZnO 
single crystal substrate. (b) SEM image of the multilayer at 80KX magnification. 
Figure 7.16 shows a high resolution TEM image of the ZnO/VO2/ZnO multilayer thin films that 
was deposited on a ZnO single crystal. The image also shows three distinct layers. Layer a, is Pt 
coat for the FIB TEM milling and the layers of interest is b (ZnO), c (VO2) and d (ZnO), while e 
is the ZnO single crystal substrate. The layer b is distinguished by large grains and similarly the 
(a) 
(b) 
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sandwich layer assigned c is identified by large grains. In layer d a densely packed columnar 
structure is observed and it grows perpendicular to the substrate. Layer d exhibit a typical ZnO 
columnar structures also observed in the ZnO/VO2/ZnO multilayer deposited on the glass 
substrate. 
Figure 7.16: (a) High-resolution TEM (HRTEM) cross section image of ZnO/VO2/ZnO 
multilayer posited on ZnO single crystal substrate and (b) shows a schematic diagram of the 
layout of the multilayer on the substrate. 
Figure 7.17 shows EDX spectrum for the chemical composition of the layer c (VO2). The 
important element Zn, O and V were observed and indicate that there was chemical interaction 
(b) 
(a) 
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between the Zn and V suggesting that a composite was formed. Other elements such as Cu, Fe 
were also detected and Cu is from the FIB TEM copper grid and sample holder. 
 Figure 7.18 shows the EDX spectrum of layer d (ZnO) with its chemical composition. The two 
important elements Zn and O were detected whilst other elements such as Fe, Co and Cu were 
also detected with the Cu that originates from the FIB TEM copper grid. The Fe and Co are from 
the sample holder. The chemical information derived from layer d indicates that the layer 
constitutes ZnO. 
 
 
 
 
 
 
 
 
 
Figure 7.17: EDX spectrum showing essential elements Zn, O, V also Fe, Co and Cu detected 
from layer c. Fe, Co associated with sample holder  and Cu is from FIB TEM copper grid.  
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Figure 7.18: X-ray spectrum form EDX of layer d showing important elements Zn and O, other 
elements Fe, Co and Cu are from sample holder. 
Figure 7.19 shows the high resolution TEM image with different lattice fringes and two inset 
figures for SAD pattern between b and c, which clearly indicate that there are two different 
materials. SAD patterns exhibit spots suggesting that the material is crystalline and not 
polycrystalline. Figure 7.28 shows the high resolution TEM image and together with inset 
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figures showing the SAD patterns in the region between c and d. Once again the SAD patterns 
show two separate materials present in the layers 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.19: TEM image showing lattice fringes for two layers b and c. Two inset figures show 
SAD pattern top right for layer ascribed c and SAD pattern bottom left for layer ascribed b. 
ZnO (thin film) 
VO2  (thin film) 
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Figure 7.20 shows high resolution TEM image and lattice fringes. The lattice fringes indicated in 
layer d, shows similar striking features and a match with the one in layer e indicates that there is 
an alignment of the deposited ZnO thin film with the ZnO single crystal.  The figure also shows 
two inset figures of the respective SAD patterns. The SAD patterns are similar for the layers d 
and e indicating the match of the crystal structure of the substrate and the ZnO thin film. 
Figure 7.20: TEM image for the region between d and e with the linked two inset figures of 
SAD patterns for the layer d and e. 
ZnO (single crystal film) 
ZnO (thin film) 
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7.4.2 Depth profiling 
Figure 7.21 shows the RBS spectrum of a ZnO/VO2/ZnO multilayer deposited on ZnO single 
crystal. The spectrum was obtained by using 3 MeV He
+
 beam bombarded on the surface of the 
thin film. The peaks in this spectrum represent the Zn, V and O in the ZnO/VO2/ZnO multilayer. 
Zn peak is at the high channel number in the spectrum, followed by V and O peak, which is 
situated at the low channel number of the spectrum. The data was evaluated using the SIMNRA 
simulation package and fitting code and the layers were modeled into three layers. The first layer 
has thickness 273 nm, second layer 201 and third layer 141nm. The second layer indicates the 
presence of vanadium atoms suggesting the formation of the composite layer of Zn, V and O.  
 
 
 
 
 
  
 
 
Figure 7.21: Simulated (red joint dots) and experimental (green joint dots) RBS spectrum of 
ZnO/VO2/ZnO multilayer. 
100 150 200 250 300 350 400 450 500
0
1000
2000
3000
4000
5000
6000
Zn
 
 
C
o
u
n
ts
Channel
 experimental
 simulated
V
3 MeV 
4
He
+
O
ZnO substrate
 
 
 
 
153 
7.4.3 Optical properties 
Figure 7.22 depicts the UV-Vis IR spectra of the ZnO/VO2/ZnO multilayer deposited on the ZnO 
single crystal substrate by PLD. The transmittance spectra of the ZnO/VO2/ZnO multilayer 
deposited on ZnO single crystal was evaluated in the wavelength range from 200-1100 nm. The 
spectrum shows a similar pattern compared to the one seen in figure 7.9. The sample was also 
subjected to a temperature cycle (heating and cooling cycle) and the temperature range was 25-
100 
o
C .The spectrum shows a low amount on VO2 metal-to-insulator (MIT) switching, which is
similar to the one observed in figure 7.9 and the multilayer show the transmittance above 30% in 
the visible light region. 
Figure 7.22: Optical transmittance spectra of ZnO/VO2/ZnO multilayer posited on ZnO single 
crystal substrate. (a) Heating cycle and (b) cooling cycle. 
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Figure 7.23 depicts the optical transmittance of the borosilicate glass substrate, ZnO on glass 
substrate, VO2 on glass substrate, ZnO/VO2/ZnO multilayer on the borosilicate glass and the 
ZnO single crystals. The spectra present the differences in-terms of the transmittance and the cut-
off wavelengths of the material. The glass substrate shows a typical glass transparency above 
(90%). ZnO deposited on glass substrate show the transparency at 70% and VO2 deposited on 
glass substrate show the transparency less than 40%. The ZnO/VO2/ZnO multilayer on glass 
substrate and ZnO single crystal exhibit a similar optical transparency (>30 %). It is clear that 
multilayer material has optical transparency compare to the VO2 deposited on glass substrate. 
(a) (b) 
Figure 7.23: Transmittance spectra of glass substrate (black), ZnO/glass (red), VO2/glass (blue) 
and ZnO/VO2/ZnO multilayer deposited on glass substrate (pink) and ZnO single crystal (dark 
cyan). (a) 3D representation and (2D) representation of the spectra. 
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7.4.4 Elemental Analysis: ZnO/VO2/ZnO/ZnO single crystal substrate 
Figure 7.24 shows a µPIXE spectrum with elements Mg, Al, Si, Cl, Ca, V, Fe and Zn detected in 
the ZnO/VO2/ZnO multilayer thin films deposited on the ZnO single crystal. V and Zn are 
detected in the Multilayer thin films and other elements are impurities from the substrate. 
Elemental maps of major elements of interest are shown in figure 7.25 and the elemental maps 
indicate that V and Zn are homogeneously distributed in the sample. Zn is more intense as 
compared to the elemental map of Zn shown in figure 7.12(a) that was taken from ZnO/VO/ZnO 
multilayer thin film deposited on the glass substrate. This confirms the contribution of the Zn 
detected from the substrate. Mg, Al, Si, Cl, Fe and Ca are impurities also detected on the surface. 
Figure 7.24: Fitted PIXE spectrum of ZnO/VO2/ZnO multilayer thin films deposited on the ZnO 
single crystal substrate by PLD and display Zn, V, Si, Cl, Ca and pile-up peaks. 
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Figure 7.25: Typical elemental maps indicating distributions of metals (a) Zn and (b) V on the 
multilayer thin films (ZnO/VO2/ZnO) deposited on ZnO single crystal substrate by PLD.  
 
 
 
 
 
 
(a) (b) 
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7.5 Summary 
The multilayers thin films have been successfully prepared on the borosilicate glass and ZnO 
single crystal substrate by Pulsed Laser Deposition. The XRD results from ZnO/VO2/ZnO 
multilayer deposited on borosilicate glass substrate reveal that ZnO in the multilayer preferred 
the c-axis orientation and VO2 preferred b-axis orientation and the estimated average grain size 
was found to be 60 nm and 77 nm respectively. The XRD results for ZnO/VO2/ZnO multilayer 
on ZnO single crystal substrate show the pronounced peaks (002) and (004) of ZnO wurtzite 
structure suggesting that the ZnO from the multilayer took similar form as the substrate ZnO 
single crystal during growth with a preferred c-axis orientation and the VO2 growth preferred b-
axis orientation. AFM and SEM results indicate that the surface of both the multilayer on glass 
and on the ZnO single crystal is rough with randomly distributed granules and flat Volcano 
Islands for the multilayer deposited on ZnO single crystal. RBS results confirmed the formation 
of the composite Zn, V and O and the thickness ranges in the nanometer regime. UV-Vis results 
show results of the optical transmittance on the multilayer of the VO2 deposited on the glass 
substrate and the ZnO/VO2/ZnO deposited on glass and ZnO single crystal substrate. The VO2 
measurement demonstrates the Mott transition and set a foundation for using VO2 in the 
multilayer synthesis. The multilayer transparency for film deposited on the glass and ZnO single 
crystal show a transparency (>30%) and furthermore the UV-Vis results suggest that the addition 
of the ZnO layer, either as a buffer layer or as a third layer, in the multilayer sample, enhances 
the transparency of the multilayer both on the multilayer deposited on the glass substrate or the 
ZnO single crystal. The energy dispersive X-ray analysis also confirms the formation of the 
composite Zn, V and O. µPIXE qualitative analysis point out that the elements of interest such as 
Zn and V are present in the ZnO/VO2/ZnO multilayer deposited on glass and ZnO single crystal 
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and the elemental maps indicate that Zn and V are homogeneously distributed. The high 
resolution TEM indicates that there are three distinct layers on the sample and the first layer 
together with the second layer is distinguished by the large grains. The ZnO buffer layer is 
identified by the columnar growth. 
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Chapter 8 
8.1 Summary and Conclusion 
In this work, we have successfully demonstrated the fabrication of ZnO, VO2 and their 
multilayered thin films system. This was achieved by optimizing the pulsed laser deposition 
conditions to grow these films. 
The study also establishes that multilayered samples show optical tunability at the IR region of 
the electromagnetic spectrum. In addition to the multilayered sample optical tunability, the 
samples show enhancement of the transmittance in the visible region. It was also demonstrated 
that there was a formation of nanocomposites clusters which were regarded to be Znx-1VxO in the 
thin films of the multilayered system based on other studies in literature. 
The PLD conditions used for the synthesis of ZnO thin films generated a highly crystalline ZnO 
wurtzite structures with a preferred c-axis orientation. Similarly the PLD conditions used for the 
ZnO thin films synthesis were employed for the synthesis of the VO2 thin films. However the 
substrate temperature for synthesis of VO2 thin films was set to be 500 
o
C. The crystalline
structure study also revealed that all VO2 thin films exhibit a preferential phase of VO2 (M) with 
strong orientation along the planes with the highest-packing density and show good crystallized 
thin films [1]. 
Furthermore a distinction found in this work is the VO2. The VO2 layer was deposited in the 
middle of ZnO layers compared to TiO2 used by Choi et al. [2]. The authors reports on the 
preparation of multilayer of ZnO/TiO2/ZnO deposited on quartz glass substrate by electron beam 
evaporation (e-gun), the authors found that the TiO2 buffer layer improves the crystallinity of 
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ZnO, however in the present study the fabrication method of choice is PLD, which is a versatile 
technique and also a technique that is capable of maintaining the stoichiometry of the deposited 
material on the substrate. Moreover in this study, the VO2 layer in the synthesized multilayer 
structures attributes to the optical tunability of the sample. 
The study that is closely related to this work is by Chiu et al. [3]. The authors illustrated that 
synthesis of VO2 thin films on glass substrates using ZnO as a buffer layer. The ZnO buffer layer 
promotes the b-axis oriented growth of VO2. The authors concluded that the ZnO thin film is a 
desirable buffer layer for growing b-axis oriented VO2 thin films. My approach was to add a top 
layer of ZnO to sandwich the VO2 layer, distinct from their approach. 
The authors used PLD as the fabrication method for the VO2 thin films. However in our study 
the Nd-YAG laser with a wavelength of 355nm was used, which is different from the one used 
by Chui et al. (wavelength 266 nm). 
Recently, the study by Meng et al. [4] concluded that the structure and the optical properties of 
ZnO thin films can be changed by the doping of vanadium doping at high substrate temperature, 
higher than 300 
o
C. The authors used dc reactive magnetron sputtering method to for the 
deposition of the films on the glass substrates. Again their fabrication method is different from 
the one used in this work. Regarding the surface morphology and crystalline structures studies, 
the authors observed that there is formation of grains with average grain size of about 300 nm as 
the substrate temperature increase. In this present work the average grain size is estimated to be  
60 nm. 
In summary, ZnO thin films deposited on borosilicate glass demonstrate that the pulsed 
deposition conditions used are suitable for fabricating thin to thick ZnO films with a smooth to 
 
 
165 
rough surfaces. The thin films exhibit the hexagonal wurtzite structure with a preferred c-axis 
orientation which was confirmed by the XRD.  The optical measurements done for the ZnO thin 
films revealed that there is shift in band gap as the thickness and the time of deposition increase 
and suggests the Burstein-Moss effect. 
Commercially purchased ZnO singles crystals were used and irradiated with protons and 
implanted with carbon. The irradiated ZnO single crystal with protons was investigated by 
Raman spectroscopy and it revealed that proton irradiation induce defects and activates Raman 
scattering modes that are by and large silent. RBS/C channeling performed on the ZnO single 
crystals implanted with C
+
 ions at various energies and fluencies 20 keV, 5×10
15
 C
+
 ions/cm
2
 and
40 keV, 7×10
15
 C
+
 ions/cm
2
, indicate that the ion implantation conditions used leads to damage
of the crystal at a shallow region. The results also confirm that the substrates were highly 
crystalline. The irradiation study, contributed in understanding the effects of proton in ZnO 
single crystal. The ZnO single crystal was used as a substrate for ZnO/VO2/ZnO multilayer 
deposition, hence a link in the study.  The ZnO and VO2  multilayer systems developed in this 
study might be used in the future for  optoelectrical applications and space applications. 
 VO2 thin films deposited on the borosilicate glass substrates show a preferential VO2 (M) phase 
and the results were confirm by XRD and the average grain size were estimated to be 75 nm. The 
AFM results depicts that the surface is smooth with uniformly distributed small crystalline grains 
for the film deposited at 5 minutes. The surface becomes rougher at 30 and 45 minutes of 
deposition and drop to 35 nm (rms) at 60 minutes. RBS results confirmed the presence of the 
VO2 with a correct stoichiometry and the resistivity measurements on the VO2 thin films exhibit 
the metal-to-semiconductor phase transition also confirming the VO2 phase in the sample. 
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Multilayer thin films were also fabricated successfully and the XRD results of the multilayer 
deposited on the glass substrate show the ZnO and VO2 phases in the multilayer sample. The 
dominant diffraction peaks (002) and (004) of ZnO phases were observed suggesting that the 
sample is highly textured and exhibit a ZnO hexagonal wurtzite structure with c-axis orientation.  
The results also show the presence of the VO2 phases that suggest that the VO2 preferred a b-axis 
orientation. The average grain size for ZnO was estimated to be 60 nm and that of VO2 was 77 
nm. 
XRD results for the ZnO/VO2/ZnO multilayer on the ZnO single crystal show the obvious highly 
intense dominant diffraction peaks (002) and (004) of ZnO, which were observed in the 
multilayer deposited on the glass substrate. The diffraction peaks are highly intense due to the 
contribution of the ZnO single crystal substrate. The diffraction peaks of VO2 were visible only 
after changing the intensity scale to the logarithmic scale. The VO2 diffraction peak (020) 
indicated that VO2 preferred the b-axis orientation. The AFM results indicate that the surface 
was rough with randomly distributed stretched islands on the surface. The SEM results also 
confirm what was observed by the AFM. 
Optical transmittance of the multilayer samples show a better optical transparency compared to 
the single layered VO2 on the glass substrate. This suggests that the incorporation of either the 
buffer layer of ZnO on the glass substrate or on top of the VO2 deposited on the substrate 
enhance the transparency in the multilayer.  
RBS results confirm the formation of the Zn, V and O composite in the multilayer sample which 
was also corroborated by the energy dispersive X-ray analysis. In conclusion the ZnO, VO2 and 
multilayers thin films based on ZnO and VO2 were successfully synthesized and indicating that 
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the conditions of the pulsed laser deposition used are suitable for growing the films that are 
stable and of good quality. 
Elemental analysis of the multilayer thin films deposited on the glass and ZnO single crystals 
indicates that Zn, V are present in the glass substrate and ZnO single crystal substrate. 
Furthermore the high resolution TEM reveals that there are three distinct layers with different 
structures. 
8.2 Future research direction 
According to the observations and analysis in this study, Pulsed Laser Deposition is a suitable 
method for fabricating good quality thin films and nanocomposite material hence it will be 
considered for more nanocomposite material synthesis in the future. 
1. An in-depth electrical characterization of the multilayered samples for further 
investigation of the interfaces of the multilayered films will be pursued. Since the 
interfaces in the multilayer films play a role in the transport of the electrons and also a 
research challenge in low-power electronics industry. 
2. Pursue the ion co-implantation of V and O in the ZnO single crystals with the suggested 
parameters: fluence φ = 1×1017 V ions/cm2 for vanadium and φ = 2.0×1017 O ions/cm2 
for oxygen and energies 200 keV for vanadium and 65 keV for the oxygen. 
 
 
 
 
 
 
 
 
168 
8.3 References 
1. M. B. Sahana, G. N. Subbanna, S.A. Shivashankar, J. Appl. Phys., Vol. 92, No. 11,
6495-6504 (2002). 
2. Won Seok Choi, Eui Jung Kim, Seung Gie Seong, Yong Soo Kim, Chinho Park, Sung
Hong Hahn, Vacuum 83, 878-882 (2009). 
3. Te-Wei Chiu, Kazuhiko Tonooka, Naoto Kikuchi, Applied Surface Science 256, 6834-
6837 (2010). 
4. Lijian Meng, Vasco Teixeira, M.P. Dos Santos, J. Nanosci. Nanotechnol, Vol. 13, No. 2,
1381-1384 (2013). 
169 
List of Publications and communications 
Publications 
1. 2 MeV Proton irradiation effects on ZnO single crystal, Surface Review and Letters,
Vol. 21, No. 1, 1450012 (2014). T. Sechogela, L. Kotsedi, M. Nkosi, C. Sandt, R. 
Madjoe, W.  Przybylowicz, K. Bharuth-Ram, M. Maaza. 
2. ZnO:VO2 multilayered nanocomposite by PLD for tunable transparent conductive oxide
applications: In preparation. 
3. J. Mesjasz-Przybylowicz, A.D. Barnabas, I. Yousef, P. Dumas, F. Jamme, T.P.
Sechogela, W.J. Przybylowicz, Aspects of the Cytology, Chemical Composition and 
Elemental Distribution in Leaves of Ni-Hyperaccumulating and Non-Hyperaccumulating 
Genotypes of Senecio coronatus, Microsc.Microanal.Vol.19, (suppl 2) (2013) pg. 76, 77, 
2013, doi:10.1017/S1431927613002377. 
4. J. Mesjasz-Przybylowicz, A.D. Barnabas, G. Tylko, Y. Wang, I. Yousef, P. Dumas, T.P.
Sechogela, and W.J. Przybylowicz. 2012. Aspects of the Cytology and Chemical 
Composition of Specialized Cells in Roots of the Ni Hyperaccumulator Senecio 
coronatus, Microscopy and Microanalysis, 96-97 (suppl.2), 2012, doi: 
10.1017/S1431927612002334. 
5. Photoluminescence properties of SrAl2O4:Eu2+, Dy3+ thin phosphor films grown by
pulsed laser deposition, J. Vac. Sci. Technol. A, Vol. 28, No. 4, (2010) 901-906. O. M. 
Ntwaeaborwa, P. D. Nsimama, Shreyas Pitale, I. M. Nagpure, Vinay Kumar, E. Coetsee, 
J. J. Terblans, and H. C. Swart, P. T. Sechogela. 
6. Stopping power of Nd, Pm and Sm ions in Cd determined with g-ray lineshape analysis,
Nuclear Instruments and Methods in Physics Research A 607 (2009) 591-599. E.O. 
 
170 
Lieder , A.A. Pasternak, R.M. Lieder, R.A. Bark, E.A. Lawrie, J.J. Lawrie, S.M. Mullins, 
S. Murray , S.S. Ntshangase , P. Papka , N. Kheswa , W.J. Przybylowicz , P.T. 
Sechogela, K.O. Zell. 
Conferences, Workshops, communications and Schools 
 International African Symposium on Exotic Nuclei: 2-6 December 2013
 Attended and Participated on the Regional workshop on Materials science for solar
energy conversion: 4-8 November 2013 
 Attended and Participated on the Advanced school on synchrotron radiation techniques
and Nanotechnology: A synergic approach to life sciences and medicine: 11-22 
November 2013 
 Attended and Participated on ALC Workshop on the 15-18 November 2012 (Namibia):
Oral presentation. 
 Attended and Participated on the 20th International Conference on Ion Beam Analysis
IBA 2011: 10-15 April 2011. 
 Attended and Participated on the 1st International African CubeSat Workshop 2011: 30
September-2 October 2011. Poster presentation 
 Attended and Participated SANHARP Postgrad conference 2011: 12-14 October 2011.
Poster presentation 
 Attended Radioactive Beam Project Workshop 2011 iThemba LABS on 15-16 September
2011. 
 
 
171 
Co-author of conference presentations: 
 Montargès-Pelletier, J. Mesjasz-Przybylowicz, G. Echevarria, V. Briois, A. Barnabas, P.
Sechogela, S. Groeber and W. Przybylowicz. Distribution and speciation of nickel in 
hyperaccumulating plants from South Africa. Conference “Interfaces Against Pollution 
2012”, 11-14 June, Nancy, France. 
 J. Mesjasz-Przybylowicz, E. Montargès-Pelletier, A. Barnabas, G. Echevarria, V. Briois,
P. Sechogela, S. Groeber  and  W. Przybylowicz. Distribution and speciation of nickel in 
hyperaccumulating plants from South Africa. 11th  Int. School and Symposium on 
Synchrotron Radiation in Natural Science (ISSRNS'2012) 20-25 May 2012, Kraków-
Tyniec (Poland). 
 J.  Mesjasz-Przybylowicz, A. Barnabas, I. Yousef, P. Dumas, F. Jamme, Ch. Sandt, F.
Guillon, P. Sechogela and W. Przybylowicz. Differences and similarities in roots of the 
nickel hyperaccumulating and non-accumulating genotypes of Senecio coronatus from 
South Africa. 11th  Int. School and Symposium on Synchrotron Radiation in Natural 
Science (ISSRNS'2012) 20-25 May 2012, Kraków-Tyniec (Poland). 
 
